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Abstract

The present thesis is concemed with “Fatigue Behaviour of welded High-Strength
Steels”. This is due to the increased interest in higher pay loads in machinery such as
earth moving equipment, which has focused on a more widespread use of high-strength
steels. High-strength steel should allow, at least under static loading, an increase in
design stresses so that the plate thickness and the weight can be reduced.

However, the design stresses are always limited by the fatigue strength of welded joints
subjected to fluctuating loads. It is a well known fact that this fatigue strength is more or
less independent of parent plate mechanical properties in the as-welded condition. The
only remedy to this appears to be applying post weld treatmient in order to increase the
fatigue lives of high-strength steels.

Since almost all engineering components and structures are subjected to spectrum
loading during their service live, the main challenge is to combine the benefit of the
fatigue life improvement methods and these loading conditions.

These aspects are treated in detail in the appended papers. However, an extensive
amount of work performed within the NordList programme and independently by SSAB
Oxelésund AB is documented also in additional papers/reports not included in the thesis,
see Refs. [1-14].

The research that has been carried out, may be divided into four areas, namely:

e Weld process and weld imperfections Paper [A] and Ref. [ 7, 11,13]
e Residual Stresses and relaxation Papers [B, C] and Ref. [1, 2]
e Spectrum loading of improved weldments Papers [D] and Ref. [6, 8, 10]
e Fatigue crack growth modelling Papers [E] and Ref [8, 9,10]

In the following, the introduction and the appended five papers are summarised as
follows.

Introduction

An overview of the major reasons for the reduced fatigue strength in welded joints is
presented. These problems must be overcome, e.g. by fatigue life improvement
techniques, to improve the fatigue resistance of welded joints so that high-strength steels
can be used more effectively.

Paper A

Characterisation of initial defect distribution and weld geometry in welded fatigue test
specimens, Lopez Martinez L. and Korsgren P., SSAB Tunnplat AB. ‘

The paper consists of two parts. The first part is a comprehensive weld defect
comparison between different weld methods and different filler metals and was carried
out using specially manufactured test coupeons. The second part deals with the
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measurements of local weld geometry parameters on fatigue test specimens. After the
fatigue testing the fractured surfaces have been analysed.

Paper B

Spectrum fatigue testing and residual stress measurements on non-load carrying fillet
welded test specimens. Bogren J., FFA, and Lopez Martinez L.

The aim of this paper was to study the influence of various spectrum parameters on
fatigue life. These parameters were irregularity factor 7 and stress ratio, R.. The influence
of these parameters on relaxation of welding induced residual stresses during spectrum
loading was also studied.

Paper C

Investigation of Residual stresses in As-Welded and TIG-Dressed specimens Subjected
to Static/Spectrum Loading, L. Lopez Martinez, R. Lin and D. Wang, Studsvik and A.
F. Blom, FFA.

This paper deals with residual stresses in welded fatigue test specimens. By neutron
diffraction and y-ray diffraction, residual stress distributions in as-welded and TIG-
dressed specimens were non-destructively measured. In addition, the effects of both
static and spectrum fatigue loading were evaluated. Results are also compared to
ultrasonic 3-D measurements.

Paper D

Fatigue behaviour of Steels with Strength levels Between 350 and 900 MPa- Influence
of Post Weld Treatment under Spectrum Loading, L. Lopez Martinez, A. F. Blom, FFA;
H. Trogen, SSAB Tunnplat AB and T. Dahle ABB Corporate Research.

In this paper fatigue data for a range of matenals are presented, obtained both under
constant amplitude loading as well as under different types of load spectra. It is shown
that the use of improvement techniques on welds subjected to spectrum loading may
allow an increase in admissible stresses. This increase is found to be larger for higher
strength steels.

Paper £

Fracture Mechanics Modellihg of FCG in Welded Joints, G.S. Wang, A. F. Blom, FFA
and L. Lopez Martinez

This paper addresses fracture mechanics modelling of certain chosen experimental
combinations of the parameters involved in the overall fatigue behaviour under complex
loading. The model accounts for local stress concentration, restdual stresses distribution,
residual stress relaxation, applied stress level, spectrum shape and weld-induced defect
distribution. -
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Dissertation

The dissertation consists of the following five papers:

Paper A

L. Lopez Martinez and Korsgren P., "Characterisation of initial defect distribution and
weld geometry in welded fatigue test specimens”, Proceedings of the Nordic Conference
on Fatigue. Edited by A.F. Blom, EMAS Publishers, West Midlands, England 1993.

Paper B

Bogren J., FFA, and Lopez Martinez L., ”Spectrum fatigue testing and residual stress
measurements on non-load carrying fillet welded test specimens”. ITbidem.

Paper C

L. Lopez Martinez, R. Lin and D. Wang, Studsvik and A. F. Blom, FFA. "Investigation
of Residual Stresses in As-Welded and TIG-Dressed specimens Subjected to
Static/Spectrum Loading”. Proceedings of the Conference on Welded High-Strength
Steel Structures, Stockholm, October 1997.

Paper D

L. Lopez Martinez, A. F. Blom, FFA; H. Trogen, SSAB Tunnplat AB and T. Dahle
ABB Corporate Research. “Fatigue behaviour of Steels with Strength Levels Between
350 and 900 MPa- Influence of Post Weld Treatment under Spectrum Loading”. Ibidem.

Paper E

G.S. Wang, A. F. Blom, FFA and L. Lopez Martinez , "Fracture Mechanics Modelling
of FCG in Welded Joints”. Ibidem.



Division of Work Between Authors

Paper 4

”Characterisation of initial defect distribution and weld geometry in welded fatlgue test
specimens” by Lopez Martinez L. and Korsgren P.

The paper was planned and written by L. Lopez Martinez. Experiments were performed
by L. Lopez Martinez. P. Korsgren helped with evaluation of results and derived the
distributions shown in Table 5.

Paper B

”Spectrum fatigue testing and residual stress measurements on non-load carrying fillet
welded test specimens” by Bogren J. and Lopez Martinez L.

The paper was planned by L. Lopez Martinez and A. F. Blom. J. Bogren helped with the
experimental programme and evaluated all fatigue data. L. Lopez Martinez performed
the other experimental work and wrote the paper.

Paper C

"Investigation of Residual stresses in As-Welded and TIG-Dressed specimens Subjected
to Static/Spectrum Loading” by Lopez Martinez, R. Lin, D. Wang and A. F. Blom.

The idea for the paper was made jointly by L. Lopez Martinez and A. F. Blom. All the

planning of fatigue testing was made jointly by L. Lopez Martinez and A F. Blom. The
measurements were carried out by Dr. Lin. The plots of residual stresses were made by
Dr. Wang. The fatigue testing and planning of relaxation studies were carried out by L.
Lopez Martinez. The paper was written jointly by L. Lopez Martinez, R. Lin and A. F.

Blom.

Paper D

”Fatigue behaviour of Steels with Strength levels Between 350 and 900 MPa- Influence
of Post Weld Treatment under Spectrum Loading” by L. Lepez Martinez, A. F. Blom,
H. Trogen and T. Dahle.

The idea for the paper was made jointly by L. Lopez Martinez and A. F. Blom. All the
planning of fatigue testing was made jointly by L. Lopez Martinez and A .F. Blom. The
fatigue testing was the responsibility of L. Lopez Martinez. Mr. T. Dahle has done the
input of test results for evaluation. Mr. H. Trogen was responsible for constant
amplitude fatigue testing. The paper was written by L. Lopez Martinez and A. F. Blom.



Paper E

“Fracture Mechanics Modelling of FCG in Welded Joints” by G.S. Wang, A. F. Blom
and L. Lopez Martinez.

The idea for the paper was made jointly by L. Lopez Martinez and A. F. Blom. All the
fracture mechanics calculations were made by Dr. Wang. The fatigue testing and residual

stress measurements were the responsibility of L. Lopez Martinez. The paper was
written by A. F. Blom.
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Introduction

It is widely accepted that the fatigue strength of a welded joint is essentially independent
of the yield strength of the parent steel. Consequently, in all the current fatigue design
standards, Ref [1-4] no account is taken of the parent steel material and the design
classification is based only on the geometric characteristics of the weld detail, the likely
site of fatigue initiation, and orientation of the welds with respect to the loading
direction.

With the increasing use of high-strength steels in applications involving fatigue loading it
may be helpful to highlight two important points.

First, there is no evidence to suggest that welded joints in high-strength steels are any
worse than the corresponding details made in medium or mild steel grades. Indeed test
results show that welded joints in higher strength steels are at least as good as similar
details involving lower strength steels which were used in generating the underlying data
for the current fatigue design rules.

Secondly, there is ample evidence to show that the use of high-strengths tells in welded
joints treated by fatigue life improvement techniques is positively beneficial. The extent
of benefit achieved by TIG dressing, toe burr grinding, hammer peening, needle peening,
etc. increases with the parent steel strength. The influence of steel strength is particularly
noticeable in the shorter life/higher stress regime. This is because the various fatigue life
improvement techniques rely either on the introduction of beneficial (i.e. compressive)
residual stresses near the joint, or the addition of a significant crack initiation phase to
the overall fatigue life by removing all the pre-existing weld flaws such as slag intrusions,
inclusions, undercuts, etc. which are normally present at the weld toes and act as sites for
fatigue initiation.

Both of these factors are positively influenced by higher yield strength. Higher strength
steels are capable of locking in larger compressive residual-stresses. Also, unlike fatigue
crack growth properties which are essentially insensitive to steel strength, crack initiation
takes longer in time in higher strength steels.

Fatigue Strength of Plain Unwelded Steel Plates

In absence of sharp crack-like defects (such as those associated with weld toes) the
fatigue life of parent plate is spent predominantly in crack initiation. As stated previously,
crack initiation properties of most steels are heavily influenced by their static strength.
Indeed, as a general rule of thumb it can be stated that fatigue limit of plain unwelded
steel (defined as the stress range below which no fatigue failure is expected) will be
approximately 0.5 x UTS (ultimate Tensile Strength) [5]. However, this simple rule does
not take into account other factors such as surface roughness, near-surface residual
stresses, applied stress ratio, etc. which also influence fatigue initiation. In practice, these
factors contribute to scatter in data when test results are expressed in terms of stress
range. For instance, fatigue strength data (stress range) corresponding to fatigue life of
2x10° cycles are shown in Figure 1 for different steel grades tested in the as delivered
condition. The results clearly exhibit a degree of scatter resulting from different surface
quality. Complete details of test data can be found in Ref. 6.
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Figure 1 Fatigue strength vs. Ultimate Tensile Strength for various

The information presented above can be used to quantify the reduction in fatigue
strength resulting from welding in a given grade of steel ( e. g. Parent plate vs. butt weld,
parent plate vs. fillet weld, etc). Also, when joints are treated by fatigue life
improvement techniques, the ultimate aim is to restore the original fatigue strength of the
parent material. Therefore the fatigue strength values presented in Fig. 1 can be regarded
as a ceiling to the amount of benefit that can be aimed for. The higher the grade, the
higher the ceiling an therefore the greater is the potential benefit. However, caution is
required because in most practical situations involving welded joints under fluctuating
service load, the site of fatigue initiation is transferred to other (less severe) sources of
stress concentration once the weld toes are treated by fatigue life improvement
techniques. Therefore, the parent plate fatigue strength is seldom quite achieved in
practice.

Fatigue Strength of Welded Joints

The allowable design stress in structures subjected to fluctuating service load is nearly
always governed by the fatigue strength of the welded joints, particularly any fillet welds
present. The poor fatigue strength of such joints, which in the as-welded condition is also
independent of parent steel strength, can be attributed to the conjoint effect of three
factors: local concentration of stress due to the geometric discontinuity at the joint; the
presence of sharp crack-like flaws such as undercuts an slag intrusions introduced by the
welding process; and the presence of large tensile residual stresses in the weld metal and
the surrounding heat affected zone (HAZ).



Global Stress Concentration

Every welded joint gives rise to a geometric discontinuity associated with the change in
section at the connection. When loaded, the discontinuity will result in stress
concentration which increases the magnitude of local stresses. The extent of stress
concentration will depend on how abrupt the change of section is: fillet welds with
convex profile and small toe radii produce the largest stress concentration and butt welds
with relatively flat overfills produce the smallest. However, as can be seen from Fig. 2,
even in butt welds, the stress concentration resulting from the weld detail itself can be
significant.
Peak stress at weld toe

-

Nominal stress
Figure 2 Nominal stress and stress concentration in a butt weld

Incidentally, the global stress concentration effect of the detail can explain why, other
factors being the same, fillet welds behave generally worse than butt welds. Also it
explains why some nominally “non-load-carrying” details have such poor fatigue
strengths. A notable example is that of a longitudinal stiffener with fillet welds all round,
which depending on stiffener length and its proximity to free edges can have a fatigue
design classification as low as Class G, Ref. [2]. The reason for the low fatigue class is
simply that the stiffener attracts and concentrate the load paths at its two ends and thus
leads to highly localised and sharp stress gradients here.

Weld flaws

Undercutting of the plate surface often occurs at the toe of most welds, leading to a
source of local stress concentration. Also, in most welds produced industrially and
regarded as having acceptable quality, the presence of very sharp, almost crack-like, slag
intrusions, inclusions, etc. cannot be ruled out, Ref. [7]. These weld flaws are normally
too small to be detected by routine non destructive examination, see Fig. 3 and 4.

Nevertheless, by acting as ready sites for fatigue initiation they have a profound effect on
the behaviour of welded joints. By removing any significant fatigue initiation, they ensure
that the fatigue life of a welded joint is spent almost entirely in crack propagation. As
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Figure 3 Various fillet weld geometries and the correspondent Stress Concentration, [10]

crack propagation properties of most steels are essentially similar, the presence of weld
flaws results in fatigue behaviour of the detail being essentially independent of parent
steel grade.

Cold lap | Undercutting
Size=(0.10 mm Size=0.10 mm

Figure 4 Typical weld imperfections at weld toe region
Residual stresses

In general, fatigue cracks will not propagate when the effective stress at the crack tip is
compressive. Thus when considering the fatigue performance of plain steels it is
conventional to ignore compressive components of applied stress. During, welding, high
tensile residual stresses form in the weld metal and surrounding HAZ. These residual
stresses arise primarily from differential contractions during cooling, but thermal
gradients during cooling and a volume change associated with a phase transformation in
some materials can also contribute to the total restdual stress distribution, Ref. [8].
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These residual stresses, see Fig. 5, combine with the applied stresses to increase the
effective mean stress. Thus applied compressive stresses can be as damaging as applied
tensile stresses and fatigue failure can occur even under fully compressive loading.

Incidentally, another important effect of welding residual stresses is that in fatigue design
of welded joints only the stress range, that is the difference between the minimum and
the maximum applied cyclic stress, needs to be taken into account. The applied mean
stress, an important parameter in the fatigue design of unwelded components , plays no
role in the design of welded components. This is because with large tensile residual
stresses present, the weld experiences high mean stresses even when the applied mean
stress 1s low.

Fatigue Design Standards

Fatigue design of welded joints has developed significantly over the past two decades
and there now exist several codes regulating such design. However, still exists some
discrepancies regarding the choice of safety factor, stress range for a specific detail
classification and cut-off limit. These aspects have been studied in detail in Ref. 9. Here
below we present a summary of that study.
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Detail ciassification

The detail classification, stress range at 2x10° cycles, differ for the non-load carrying
fillet weld considered. BSK and Eurocode 3 assumes a stress range of 50 MPa, while BS
and IIW assume 61MPa respective 71 MPa.

Failure risk

The failure risk for the considered fatigue design standards varies depending on the
choice of partial coefficient. Fatigue design curve for BS 7608:1993 gives a failure risk
of 2.3x10. The corresponding failure risk for BSK is 1.0x10? when partial coefficient is
taken as 1.

Fatigue Jimit

Fatigue limit for constant amplitude is assumed to start at 5x10° cycles, in Eurocode 3, in
the ITW document and in BSK. In BS 7608:1993 the fatigue limit for constant amplitude
is defined at 107 cycles.

Change of slope

The change of the slope in S-N curve due to the cut-off limit for variable amplitude is as
follows:

Eurocode 3: N>5.0x10° then m=>5 until 10%cycles.

ITW Document: N>5.0x10° then m=5 until 10%cycles.

BS 7608:1993: N>1.0x10” then m=m+2.

BSK: N>5.0x10° then m=5 until 10%cycles.

Fatigue life improvement techniques

The situation is even more precarious when fatigue life improvement techniques are
focused. Still, it is not possible to find fatigue design curves for any detail which has been
treated by fatigue life improvement techniques. This is mostly due to a need for
systematic experimental studies of improved welded joints behaviour under spectrum
loading.

BS 7608:1993 and ITW Document mention the possibility of increasing the design stress
level if a remedial treatment of the weld toe region by controlled machining or grinding is
implemented. In the case of BS it is stated that such treatment leads to an increase in the
allowed design stress range. The S-N curve can be then improved in strength by 30%.
This is equivalent to a factor of 2.2 on life. Consequently the BS presents a clear
description of the treatment that should be carried out regarding tools, machining deep
and posterior control. The ITW document consider also the application of fatigue life
improvement techniques. The IIW document goes further than BS and point bout a
series of techniques to improve fatigue resistance. Nevertheless, the IIW document point
out the necessity of fatigue test in order to verify the actual procedure for the specific
stress range of interest and the fatigue life improvement used.
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Scope of Thesis

The present thesis is directed to the above field on the general fatigue behaviour of steels
subjected to spectrum loading. Specifically, the aim has been to investigate this
behaviour of high-strength steels and to evaluate various life improvement techniques
making the use of high-strength steels possible in welded structures subjected to fatigue
loading.

Paper A introduces the test specimen used in subsequent papers and adresses the flaw
population under different welding procedures.

Paper B focuses on residual stresses due to welding. In particular, the relaxation of
residual stresses due to spectrum fatigue loading is assessed by y-ray diffraction
techniques.

Paper C looks further into the residual stress problem by investigating the full 3D-
behaviour by means of neutron radiography. Also, the effect of post-weld treatment is
" adressed in this paper.

Paper D summarizes numerous spectrum fatigue test results and show the potential for
high-strength steels in spectrum fatigue loaded structures after the application of suitable
post-weld treatments.

Paper E correlates the interaction of all studied experimental parameters by fracture
mechanics modelling of the entire fatigue process.
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FATIGUE UNDER SPECTRUM LOADING AND IN CORROSIVE ENVIRONMENTS

CHARACTERIZATION OF INITIAL DEFECT' DISTRIBUTION AND
WELD GEOMETRY IN WELDED FATIGUE TEST SPECIMENS.

" L.Lopez Martinez ! and P.Korsgren 2

The presence of defects in non loaded weldements in cruciform
sections were studied by microscop inspection. Weld method
induced defects consisted mainly in cold iaps or shrinkage cracks
orientated parallel to the parent plate surface. Basic coated
electrode and basic flux cored wire gave deeper cold laps than
rutile flux cored wire and solid electrode. The last one showed
most cold laps, dimension all less than Q.15 mm depth. An
extensive documentation of fatigue specimens with non load
carrying fillet weld was carried out. The local geometry, toe
radius and toe angle have been documented by plastic replica
technique. Calibration showed that the used measurement method
gave reasonable accuracy only if weld toe area is clean enough.

INTRODUCTION

The influence of crack like weld toe defects on the fatigue strength of fillet
welded joints has been studied in a series of papers (1)-(3). The stress intensity
factor, Kj, for such weld defects can under certain premises be calculated by
Linear Elastic Fracture Mechanics. For this purpose it is necessary to know the
initial defect. The local geometry at the weld toe can be used to determine the
stress concentration factor for the uncracked weld (4)-(5). This information, along
with initial defect size and stress concentration, can be used to predict fatigue
lifes, see (4).

The present paper consist in two parts. The first part of this investigation is
a comprehensive weld defect comparison between different weld methods and

! Application Research and Development, SSAB Oxelésund AB, S-613 80, Oxeldsund, Sweden.

2 R. & D. and Customer Service, SSAB Tunnplat AB, S-781 84, Borlinge, Sweden.
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FATIGUE UNDER SPECTRUM LOADING AND IN CORROSIVE ENVIRONMENTS

different filler metals and was carried out using specially manufactured test
coupons. The second part is the measurements of the local weld geometry
- parameters on fatigue test specimens. After the fatigue testing the fracture crack
surfaces of the specimens have been analyzed.

- EXPERTMENTAL PROGRAM

ene

The experimental program consisted of two parts, separate test coupons and
fatigue test specimens.

In the first part, test coupons were used in a comprehensive investigation to
characterize both the welding method in terms of filler metal and type of weld
defects and size distribution.

In the second part, fatigue test specimens were analyzed to characterize both
weld defects and local weld geometry spec1ally in regions of expected fatigue
failure.

Measurement of weld toe radius. Several authors have reported measurements
- of weld toe radius (7),(2),(3),(6) but only one have reported in detail how the
radius was defined (3). Due to lack of that information it is not possible to state
whether the different radius measurements reported are strictly comparable.
Neither the ITW-document "Fatigue testing of components" (10) gives any
information regarding preferred ways to measure the radius on irregular
transitions between the parent material and filler material.

Determination_of initiation site. The aim was to measure the weld geometry
at the crack initiation point. However the crack initiation point was not easily
found in all specimens which was due to lack of distinct beach marks from the
initial crack propagation stages. Furthermore it was difficult to find in any
specimens initial defects on the fracture surface when studied in an optical
microscope.

In these specimens (and specimens without cold-laps) the initiation point was
determined as the centre of the elliptic beach marks that could be identified from
the later stages of the crack propagation. As additional cuts and measurements on
the replicas were made at approximately 1 mm on each side of the assumed
initiation point, the initiation area was presumably covered.

Calibration of local weld geometry measurements. The basis of the geometry
measurements were the plastic replicas. To check how well the shape of the

replicas could represent the local shape of weld toe, a calibration exercise was
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carried out. Three welds were chosen from the 3 mm thick specimens and seven
replicas were made. Figure 1 shows the welds and the replicas.

The same magnification of the replicas were used to measure weld toe angle.
The results from the calibration measurements carried out on these photos are
given in Table 1.

The conclusion is that the weld toe area should be cleaned from slag to give
a reasonable estimation of the weld toe-radius and -angle.

TABLE 1 - (Calibration of weld geometry measurements.

Toe Angle (°) “ Toe Radius (mm)
Weld Replica Weld Replica

53 66 (* 0.03 0.5,0.87,0.44 (®
47 50 ) 0.05 0.63,0.03,0.10
63 65 0.03 0.23,0.23,0.18
62 60 0.25 0.15,0.10,0.20
55 56 0.06 0.03

52 51 0.03 0.10

(*) The weld toe region was obviously not "clean" enough.

'Separate test coupons.

Test coupons according to fig. 2 were used for investigation of weld induced
defects by weld method or by filler metal. In these specimens the defect size
distribution and defect quantities have been documented.

~ Weld parameters for defect analysis specimens. The two weld methods which
have been studied are; MMA, manual metal arc and GMA, gas metal arc. For
GMA three different filler metals have been investigated.

For each of the two welding methods and/or the different filler metals a

number of specimens have been prepared. The weld parameters are presented in
Table 2.

The specimens were cut perpendicular to the longitudinal direction of the weld
see, fig. 2. Thereafter they were milled, and wet polished using polishing
compound with particle size 3 um and finally etched in 3% NITAL.
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In a microscope with magnification 50 to 200 the weld toe area was examined
and searched for defects and undercuts. The depth (d) and orientation (¢°) of the
observed defects were measured, see fig 3.

After observation in microscope the procedure (milling, polishing and etching)
was repeated and new positions in the weld were investigated. A distance of 2
mm between each surface of examination was required in order to cover some
- significant weld length.

TABLE 2 - The weld parameters used for defect analysis test coupons.

Weld Method II MMA GMA "
.|| Filler Metat OK48.00 PZ 6130 PZ 6111 OK12.51
Gas e Mison 25 Fogon 20 Mison 25
15 Vmin 14 Vmin 8 /'min

Welding 1G 1G 1G 1G
Position
Throat 5 mm 5 mm 5.5 mm 3-4 mm
Thickness Nominal Nominal Measured Nominal
Electrode Size 4 1.6 ) 1.6 1.0
(mm)
Current (A) 185 185 257 140
Voltage (V) 24 23 25 20
Heat Input 2.0 1.6 1.3 0.6
(kJ/mm)
Interpass 25 25 20 20
Temperature 110 125 20 20
(&) 125 135 20 20

130 80 20 20

Fatigue test specimens

Specimens according to fig. 4 have been used for fatigue testing, both in
constant amplitude and spectrum loadning. In these specimens weld geometry
parameter and a fracture surface investigation have been done.

Two different steel grades Domex 350 XP, produced at SSAB Tunnplat, énd

Weldox 900, produced at SSAB Oxelosund AB, have been used for the
fabrication of the fatigue test specimens.
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The chemical composition and mechanical properties are presented in Table 3.
Two different plate thicknesses have been tested, 12 mm and 3 mm. Table 4
shows the welding parameters for the three different specimen groups.

Local weld geometry. Plastic replicas were taken at all potential crack sites,
four per specimen, before fatigue testing. After testing the crack initiation site
was localized on the fracture surface and the corresponding position was sectioned
on the replica. Two photographs were taken the replicas cross section. One was
taken with magnification factor 4.5 used to measure the weld toe angle. The other
magnification was 40, used to measure the weld toe radius.

TABLE 3 - Chemical composition_and mechanical properties of the tested

steels
DOMEX 350 XP DOMEX 350 XP WELDOX 900
Thickness 3 mm 12 mm " 12mm
c 0.053 0.058 0.17
si 0.20 0.02 0.22
Mn 0.51 0.62 1.40
P 0.006 0.009 0.025
s 0.003 0.010 0.010
Al 0.048 0.042 0.065
Nb 0.030 0.014 0.030
Ti — — 0.020
B — e 0.002
v — — 0.030
CEqw 0.15 0.18 0.56
R,;(MPa) 366 371 1005
R, (MPa) 355 370 —
R, (MPa) 457 471 1030
As % 40 28 14

The weld toe angle was defined as the angle between the extension of the
parent plate surface and the line representing the shape of the weld near the toe
area. The weld toe radius was measured by fitting circles to the transition between
the parent plate and the weld metal, see fig 5.

AS



FATIGUE UNDER SPEGTRUM LOADING AND IN CORROSIVE ENVIRONMENTS

In many cases there were small irregularities sited on a “smooth® curved
surface, leading to difficulties in determining how to measure the radius, see

fig.6.

A very small radius would result in a negligible initiation phase. Therefore it
was concluded that-a radius smaller than 0.Imm was of no interest. Thus, in
cases where the minimum local radius was less than 0.1 mm the "overall" radius
- if it existed - was measured.

The measurements of local weld geometry were carried out at the crack
initiation sites of the two specimens with the shortest and the longest life in each
fatigue test series, see Table 7 and Table 8. The complete information about
" fatigue lifes are reported in references (8) and (9).

TABLE 4 - Chemical composition and mechanical properties of the filler metal
used in fatigue test specimens. .

PZ 6130> OK 12.51 Fluxofil 45
Domex 350 XP Domex 350 XP Weldox 900
12 mm 3mm 12 mm
Producer Filarc ESAB Oerlikon
C 0.05-0.09 0.1 0.05
Si 0.2-0.5 0.8 0.45
Mn 1.0-1.3 1.5 1.7
P 0.025 o —
Cr —_— — — 1.0
S 0.025 —_ —
Mo — — " 0.4
Ni — S 2.2
R (MPa) 420 470 890
R, (MPa) 500-570 - 570 950-1100
.;C(%) 26 25 14

Fatigue testing.

Fatigue .testing was carried out under load control both for constant amplitude
and spectrum loadning regime. The constant amplitude tests were run in a
servohydraulic 500 kN, MTS testing machine at room temperature. The frequency
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‘was approximately 10 Hz at variable R-ratios (0-0.9). The spectrum fatigue
- testing has been carried out for various spectrum types. A complete summary of
all fatigue test results for the various spectra are presented in ref. (9)..

RESULTS AND DISCUSSIONS |

The results of the weld defect analysis are presented under subsidiary heading
"Separate test coupons". The results of measurements of weld geometry parameter
and fracture surface analysis of fatigue test specimens are presented under
subsidiary heading “Fatigue test specimens”.

: SeQarate test coupons.

Weld defect analysis for different weld methods and filler metals This
investigation has been carried out along with the documentation of the fatigue test
specimens. The results should be representative for the defects existing in the
welds of the fatigue test specimens. For practical reasons the weld defect analysis
was carried out on the longitudinal part of the weld and not in the area at the end
of the stiffener where the cracks, were expected to initiate. In these two different

‘regions one may infer that differences in welding conditions exist which would

.influence the both local and global shape of the weld. However, the inspection of
fracture surfaces in fatigue test specimens revealed a dominance of the same type
of defects, cold laps, as found in the investigation presented below. It would
indicate the results of weld defect analys carried out is representative for the weld
defects localized in the crack site in fatigue test specimens.

Types of defects. The majority of the observed defects were defined as "cold
laps", and their orientation were mainly parallel to the plane of parent metal plate
surface. Some typical examples of the observed defects are show in fig. 7.In fig.
8 some defects are designed "unusual”. Defects with depth greater than 0.01 mm
- were sampled and the maximum depth found was 1.4 mm. See Table 5 for
details.

TABLE 5 -  Defect distribution in non loaded fillets welds.

: Filler metal.

: Orientation (°) see figure 3.

: Number of investigated points.

: Number of spots where defects were found.

Percentage of inspected points where defects were found.
Mean distance between inspected surfaces ( mm).

: Mean value in mm.

: Standard Deviation in mm.

HOTHOOW>
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A I B c D E F G 'H
——r—r—-w—r*—-———-—ﬁ

OK 48.00 [ 0 | 712 38 53 | 1.59- 0.27 0.30
2.03 :

PZ6130 [0 | 720 83 12 1.592.10 | 0.25 0.25

Pz6111 f[ o |ss24 | 112 19 |2 0.047 0.050

ok 1251 || o | 2896 | 475 35 | 037 0.13 0.15
2.15

PZ 6111 | 90 | 5824 |49 0.84 |2 0.10 0.19

OK 12.51 || 90 | 2896 | 66 43 | 037215 | 0.24 0.0049

Ref.(3) | 90 | 135 135 100 | 0.27 0.042 0.28

Comments to Table 5:

" (i) There is a small difference when looking at all results from each electrode
OK 48.00 (basic coated electrode) and PZ 6130 (basic flux core wire).

(i) The90° defects which were found almost only in PZ 6111 (rutile flux cored
wire) and OK 12.51(solid electrode), were rather small for OK 12.51 but
deeper for PZ 6111. In the latter case they did not appear very often.

(i) Smith et alt., (3), found defects at every investigated point when he studied
9 welds located at the end of a stiffener.

Fatigue test specimens

Fracture surface examination After fatigue testing the fracture surfaces were
- studied. The task was to locate the crack initiation sites and to determine the
initial defects.

The crack initiation sites were seldom easy to localize exactly. The region
where the crack was initiated could, however, always be identified as the centre
of the crack propagation pattern that could be seen from the later part of the
propagation stage. These patterns occurred typically 2-4 mm away from the
initiation point and were often seen as just a slight shading on the surface. The
" results of fracture surface examinations are presented in Table 8 and Table 9.
Ilustrations of the findings on the fracture surfaces are shown in Figure 9.

For the detected cold laps we have defined two "dimensions", width or x-
direction and length or y-direction. These are also ilustrated in Figure 9.

A clearly visible initial crack oriented normal to the plate surface was not
observed on any of the fracture surfaces. In the majority of the localized initiation
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areas there were instead the remaining of a local lap defect, or the estimated
{initiation site coincided with a local maximum in the x-direction of the cold lap
defect .

Weld toe angle and weld toe radius. The weld toe angles were measured on the
plastic replicas at crack initiation sites after fatigue testing. The results are
presented in Figure 10 and Figure 11.

In addition to these figures the mean values and the corresponding scatter band
for two standard deviations are presented in Table 6.

Weld geometry parameter: comparison with literature. Figure 9 presents the
results from the present investigation together with results from references
1),(2),(3),(6). Different measurement techniques may affect the results, as well
as the fact that the different investigations includes quite different weld sizes,
from a=3 mm to a=25 mm.

In ref. (1) weld toe radius and angles has been determined from photographs
of sawcut sections, taken in a microscope with magnification factor 5.12 and 2.8
respectively. The sections were end sections of 100 mm wide fatigue specimens.
Eight sites were studied on each specimen.

In ref. (2) silicone rubber casting of the reinforcement was made before
fatigue testing. After fatigue testing the castings were cut at the location of the
crack initiation. Measurements were made by using a microscope with a
magnification of 20. This method is rather similar to the one used in the
investigation presented in this paper.

TABLE 6 - - Characteristics of the geometry parameters-

Thickness Numb Radius +2 sdev | -2 sdev Angle +2 sdev -2 sdev
(mm) of mean” mean
meas. ©
N | S SO E— | S S S
12 27 0.14 1.0 0.019 43 60 .27
3 23 0.067 0.47 .0096 38 61 16

* The statistics of the radius were calculated in log.-scale as the obtained
distribution shapes are closer to log,-normal than to normal. The values above are
then obtained by conversion from log,-scale to mm.

Fatigue lives vs. weld defect size/weld geometry parameters The results from
constant amplitude fatigue testing are presented in Table 8. For every tested
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‘'specimen the weld toe radius and weld toe angle were measured. The results for
fracture surface analys is also presented.

For the results from variable amplitude fatigue testing the same information is
presented in Table 8. In this case only some “representative® specimens
presented. :

No correlation has been found between defect size and fatigue lifes within the
frames of this project. A versatile method to quantify the fatigue lifes of
specimens having cold laps is lacking due to its complexity. Therefore an
engineering approach is used, which is based on fracture mechanics, see (4).

" TABLE 7 -  Constant Amplitude Test Results and Local Weld Geometry

Specim. | Stress Cycles Toe Toe Type of Width/
See Range (E6) Radius Angle Defect Length
Fig.11 (MPa) (mm). V) See Fig.11
11 . 107 2.713 0.15 43 Cold lap. 0.15/0.8
13 107 1.144 0.1 . 44 Cold lap. 0.5/1.0
14 107 4.008 0.2 50 Geom. -—

16 250 0075 | 023 48 Cold 1ap. | 0.5/1.0
18 250 0.107 04 40 Cold lap, 0.4/1.5
21 175 0.280 0.23 52 Cold lap. 0.8/2.0
22 175 0.202 0.19 41 Cold lap. 0.4/1.5
33 175 0.214 0.23 .| 39 . Cold lap. |..125/.25
34 125 0.467 0.38 31 Cold lap. 0.05

43 125 1.158 - - Geom. -

51 125 0.693 0.025 45 Geom. -

60 125 5.667. 0.23 18 Geom. -

60 175 0.769 023 | 18 Geom. -

67 128 0.759 0.075 39 Cold lap. 0.1/0.1
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TABLE 8§ -

Separate test coupons

Variable amplitude test results and local weld geometry
Spec./ Stress Cycles | Toe Toe Type of Width/
Spectrum | Range (E6) Radius Angle Defect Length.
Ref., 9) (MPa) (mm). ) .
iB/R 210 10.7 1.0 32 Cold lap. 1.0/
0.35
4C 210 8.7 0.1 32 Cold lap. 1.0/
0.15
- 8D/R 350 1.7 0.2 33 Micro edge —_
i7B/R 210 10.0 0.5 28 Cold lap. 0.6/0.3
26C 350 1.74 0.4 36 ‘Geom. —
27CIR 350 1.25 0.25 33 Geom. ——

1l 37cmr 350 2.09 0.1 32 Geom. —
39C/sP2 350 1.74 0.2 3 Cold tap. —
58C/R 230 33.7 1.0 32 Micro edge —
59C/sP2 125 219.0 0.1 30 Cold lap. 1.0/0.5
66C/SP2 250 5.20 0.1 30 Cold lap. 0.3/0.1
73C 230 190.0 0.1 23 Cold lap. 0.4/0.2
T5B/SP2 170 24.0 1.0 3 Cold lap. 1.0/0.5
T6A/SP2 210 43.3 1.0 31 Geom. —
TIISP2 210 16.4 0.1 31 Geom. —_—
78/SP2 210 32.4 0.23 33 Cold‘lap. 0.7/0.3

CONCIUSIONS

Weld method induced_defects. Cold laps or defects parallel to parent plate

surface: OK 12.51 (solid electrode) gave the greatest number of small defects. PZ
6130 (basic flux cored wire) showed more small defects than OK 48.00 (basic

- coated electrode) and particulary than PZ 6111 (rutile fiux cored wire ).

For greater defects than 0.65 mm there was no significant difference between
OK 48.00 and PZ 6130, while PZ 6111 and OK 12.51 clearly gave less number

of defects.

All
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Undercuts defect orientation 90° were almost only found in the welds of OK
12.51 and PZ 6111. The maximum depth found was 0.15 mm and most defects
were found in OK 12.51.

atigue tests imens

Local Weld Geometry 3 mm specimens showed smaller radius and angles,
0.07mm respective 38° than 12mm specimens, 0.14mm respective 43°. These
mean values of the radius were calculated in log,-scale with the corresponding
linear mean values of 0.11mm and 0.21 mm. The values of the radius and angles
were in the same order of magnitude as reported by litterature.

To obtain accurate measurements of weld toe angles and weld toe radius by the
plastic replica method a thorough cleaning of the studied area is required .

Fatigue lifes vs, weld defects weld geometry parameters The type of weld
defects found and their orientation make it difficult to find a reasonable
correlation between defect size and fatigue lifes due to its relative complexity.
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Welds

Figure 1 Calibration of the replica technique. Magnification 4.5 for angle
measurement.
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J

2 mm milling and polishing
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Figure 2 Test coupons for study of weld defects
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Figure 3 Depth and orientation of weld defects
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Figure 4 Shape and dimensions of fatigue test specimens.
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Alternative circle with radius 1 Alternative circle with radius 2

Figure 6 Alternative radius measurements on the same replica
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Figure 7 Typical weld defects

Figure 8 "Unusual” weld defects

Al7



FATIGUE UNDER SPECTRUM LOADING AND IN CORROSIVE ENVIRONMENTS
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Figure 9 Fracture surface inspection: defect type and orientation.
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DISTRIBUTION OF WELD TOE RADIUS

Comparison between 3 mm and 12 mm specimens -

Number of radius (%)
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Figure 10 Local weld geometry: weld toe radius distribution.
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Figure 11 Local weld geometry: weld toe angle.
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SPECTRUM FATIGUE TESTING AND RESIDUAL STRESS MEASUREMENTS
ON NON-LOAD CARRYING FILLET WELDED TEST SPECIMENS

J. Bogren® and L. Lopez Martinez$

The influence of various spectrum parameters on fatigue life and
residual stress relaxation has been studied in this investigation.
Six spectra have been used. The spectrum parameters that have
been varied are stress ratio R and irregularity factor I. The levels
of the welding induced residual stresses in the as-welded
condition are close to the yield stress of the material. These
residual stresses were found to relax very rapidly. Within 8% of
the total specimen life 50% or more of the initial stresses are
-relaxed. Large retardation effects were found for the spectrum
with R =0, compared to constant amplitude loading. The only
spectrumn parameter that had large influence on fatigue life was the
stress ratio, R. The other parameter, the irregularity factor 7, was
of less significance.

INTRODUCTION

The investigation described in this paper is a sub-project within the Nordic project
"Spectrum and Environmental Assisted Fatigue", in which more than 15 Nordic
companies and institutes participate. This work is part of the Swedish contribution to
the project. The purpose of the Nordic project is to improve the knowledge about life
predictions under spectrum loading and to obtain more information about fatigue

behaviour of welded structures at long lives, i.e. in the range from 10° to 10® cycles.

The aim of this particular work is to study the influence of various spectrum
parameters on fatigue life. These parameters are irregularity factor / and stress ratio
R. The influence of the above mentioned parameters on relaxation of welding
induced residual stresses during spectrum loading is also studied.

* Structures Department, The Aeronautical Research Institute of Sweden, P.O. Box
11021, S-116 11 Bromma (Sweden)

§ Application Research and Development, SSAB Oxel6sund AB, S-613 80
Oxelosund (Sweden)

B1 J. Bogren and
L. Lopez Martinez
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XPERIMENTAL PROCEDURES

Material and specimen

The material used for the majority of test specimens is a carbon-manganese steel,
DOMEX 350 XP, and has a yield stress o, =370 MPa, ultimate tensile stress

Oyrs =470 MPa and an area reduction A ; =28%. The specimens are taken in the
rolling direction and the mechanical properties given above are in the same direction.
The material is supplied by SSAB Tunnplét in Borlinge. Mechanical properties of the
filler material PZ 6130 ate; ¢, =420 MPa, ¢ ;5 =500-570 MPa and A =26%. A
few specimens were manufactured using a high strength steel WELDOX 900. The
mechanical properties of this material are; o, =1005 MPa, & =1030 MPa and

A ;=14%. These were used for investigating the effect of using high strength steel.

The WELDOX 900 material was supplied by SSAB in Oxelosund. More detailed
information about the two materials can be found in Lopez Martinez and Korsgren

(1).

The test specimen is shown in Figure 1. It has a non-load carrying fillet weld.
This geometry has been used in many other investigations, e.g. Blom (2), Eide and
Berge (3) and Berge and Eide (4). The geometry has four possible crack initiation
sites denoted A, B, C and D, see Figure 1. The specimens used in this project are
documented in (1), considering weld classification, geometry and weld defect
distribution.

Residual stress measurements

In order to achieve good weld quality the surfaces of the specimens had to be
slightly ground before welding. In order to remove the mill scale and to minimise the
effect of the grinding, surface removal was done before the residual stress
measurements were performed. The surface removal was achieved by electrolytic
polishing and the depth of surface removal was between 0.1 - 0.2 mm depending on
the condition of the surface.

The method used for measuring residual stresses was X-ray diffraction. The
locations of the measurement points are shown in Figure 2. The radiated arca was
approximately 4x6 mm?2, Due to this the first point is defined to be located 2 mm
away from the weld toe, i.e. where the centre of the radiated area was located. The
second point was located 5 mm out from the weld toe, and the rest of the points were
located 10 mm out from the previous point. In all cases the longitudinal stress
component was measured.

Three measurements on five specimens have been performed. The first

measurement was carried out in the as-welded condition. The second after a certain
number of cycles, varying from 100 000 to 500 000 cycles. The criterion for
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