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Abstract

In most engineering metallic structures, weldedtpi
are often the locations for the crack initiationedio
inherent metallurgical, geometrical defects as vesl
heterogeneity in mechanical properties and presefice
residual stresses. In order to maintain structural
integrity of welded structures for whole servicke lof

the structure, relationship between weldipgocess
properties (of base metal & weld joint) and
performance of the structure (requirements &
controlling factors of the service conditions) shibbe
well-understood and established. The quality of the
relationship between this 3P is crucial to obtain
economic and safe design, fabrication and serifice |

Specific features of each welding and joining pssce
should ideally be well understood by the desigoeraf
selected material at the early stage of the design.
Resulting  microstructural & mechanical and
geometrical properties should be obtained to have
defined or intended structural performance undireei
specific environment or stresses.

Nowadays, use of advanced welding processes with
high performance steels and aluminium alloys togreth
with well established and high quality welding
consumables ensures safe and economic design,

fabrication, inspection and service of the welded
components and structures. Additionally, new
developments in the fitness-for-service (FFS)

procedures (e.g. BS 7910, R6 and FITNET FFS) and
codes have significantly increased the accuracthef
structural integrity assessment of weld flaws.

More and more engineering structures are built gisin
multi-material design approachwhere numbers of
materials with significantly different mechanical
properties are joined to create weight and costiefft
structures. Structural safety evaluation of socterial-
mix structures require sound understanding and
description of the welding process, interfacial &Il
joint properties in conjunction with global behawiaf
the component under external loadings. The existing
knowledge on the weld strengtimis-match will
significantly help to design innovative productsdan
resolve complex deformation and fracture problefs o

such emerging structures. Such structures are tgec
to perform under severe service conditions with
minimum maintenance and safely.

This Houdremont Lecture will, therefore, addresshi®
engineering significance of the relationship betwee
different stages of thelife of the welded structute
which | have been describing as 3P (Process-Prepert
Performance) of welded structures.

Keywords: Welding process, weld property, structural
performance, mis-match, weld metal, fracture, resld
strength, fitness-for-service, FITNET, flaw assessm
line pipe, structural integrity, laser weld, aerese, Al-
alloys.

1. Introduction

In recent years, significant new developments have
taken place in the field of steel and weldability
developments while new major projects and appbeati

fields require challenging properties from selected
welding process and material combination. For

example, possible new applications in arctic region
require steel structures and their weldments nedakt
designed and tested at -60t€-70°C. Furthermore, the
weldability in different positions may require tseu
different welding processes and welding consumables

Figure 1. Three different welding positions for wédability testing
of Steel Grade S420G2 and utilised weld cross-sewmti [I. M.
Kulbotten, StatoilHydro ASA, 2008, Low temperatymperties of
welded constructional steel]



An example to this case could be seen in Figur&drev
same steel is welded at different positions using
accordingly different welding process and consuesbl
PA refers to submerged arc welding (SAW), PC and PF
are gas shielded flux cored arc welding with défar
heat inputs. It is most probable that these differe
welding positions (process variations) may lead to
different joint properties and hence welded strectu
depending on the loading conditions may differ at
different points.

Therefore, it is essential to consider weld joint
performance an integral part of the welding process
local properties (strength, notch etc.). For exanpl

welding process parameters and selected consumables

and base metal grade of line pipes are of major
importance for the integrity of pipelines. The usie
fithess-for-service analysis at the design stagé wi
enhance the accuracy of the decisions and hende wil
improve the productivity, safety of welded fabrioat
and integrity respectively.

Weld joints usually exhibits heterogeneous properti
across the joint. This particularly effects the
performance of the structure. For this known reason
weld strength mis-match has been a topic of rekearc
for same time. This paper gives special attentiothis
topic.

2. Weld Strength Mis-match

Structural weld joints, particularly bi-material
(dissimilar) joints usually exhibit substantial rheaical
heterogeneity with respect to elastic-plastic duefaion
and fracture properties. This heterogeneity is comiyn
called as ,strength mis-match* and expressed dsl yie
strength mis-match;

M=GCyw/Ovs

Wherecvy is the weld metal yield strength aogg is

the base metal yield strength. It is referred to as Homogeneous
Lovermatching if M>1 and called as ,undermatchinfg" (

M<1.

It is common practise in fabrication to select vimid

process and consumables to achieve overmatchirdy we(g/\

zone to protect the weld zone from deformations an
hence limit the risk of failure at the weld joilMany
welding codes require the weld filler metal to be
overmatched, primarily to protect weld from
localization of plastic strain in the event tha¢ tyield
load of the structure is exceeded. However,
requirement most needed for welds subjected taaens
normal to the effective area (e.g. girth welds ipeg).
Non-critical components and weld joints subjected t
other types of loadings may have undermatched welds

The strength overmatch requirement usually does not

cause any difficulty for structural steels up t@6@Pa
yield strength. However, for high strength steels,
production of strength overmatching weld deposit
usually creates difficulties while maintaining adate

fracture toughness and resistance against hydrogen

is-Match Factor
thit

assisted cracking. In addition to this difficultshere
exists unintentional strength undermatching in high
strength steel weldments. The weld joints may
unknowingly be undermatched because the base metal
has much higher yield strength than the SMYS
(specified minimum yield strength). It should betet
that the undermatched welds can have a significant
effect on the strength level, resistance to fractand
ductility of welded components. The undermatched
welds are particularly sensitive if the welds opera
under tension perpendicular to the weld seam. éf th
undermatched welds are loaded in a direction prall

the weld length should present no problem, sinee th
strain will not localise in the soft weld seam.

Particularly, since early nineties, numerous
investigations have been conducted by the authgr [e
1-6] to describe the effects of mis-matching on the
fracture behaviour and toughness. Two special
international conferencesfis-match 93 [7] and Mis-
match 96 [8] have provided international forum and
showed the significant progress had been made in
this field. For example, currently, unified methta
perform defect assessments in mis-matched welds
exists. In this context, recently developed fitréss
service procedure FITNET has provided clear
guidline for assessment for such welds. However,
significant amount of work is still needed,
particularly in the areas of high strength steel
weldments, treatment of HAZ softening and highly
undermatched Al-alloy weldments while extensive
validation cases of proposed approaches as well as
treatment of material-mix (multi-material) struodsr
are still missing.

Over-Match (OM)
e
((yse<vss/

Over-Matched

W
M= YS
YSB
Yield Strength of LBW and ESW
Base Metal of Al-alloys
Figure 2. Schematic description of crack tip platicity due to

weld strength mis-match. LBW: Laser Beam Welding, BW:
Friction Stir Welding
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Figure 2. Fracture path deviation into lower strexgth base metal
of the centre cracked wide plate under tension. Theveld metal

exhibits strength overmatching

It is known that the essence of the strength migzma
lies on the crack tip plasticity development anigéetfof

the strength difference between weld and base metal
on the deformation pattern at the crack tip andhetuf

the crack tip (uncracked ligament). Figure 2
schematically showing the principal deformation
patterns of the overmatching and undermatchingscase
with weld metal and HAZ cracked bodies as wellves t
major governing factors of M and 2H (weld widthher
structural steels (up to some strength level) Ugual
show overmatching while laser beam [9,11] andifrict
stir welded (FSW) high strength Al-alloys usually
exhibit undermatching situations [4, 8]. Due toidap
cooling rate, LB welded ferritic steels and Ti-gllo
show high hardness, and hence high degree of
overmatching.

3. Properties of Weldments
3.1 Tensile Properties

Welded joints have heterogeneous mechanical
properties and also exhibit highly heterogeneous
microstructural variations in a local region. Adatpi
tensile and fracture toughness testing techniques
consequently should incorporate such highly
heterogeneous mechanical/microstructural featres.
micro-flat-tensile (MFT) test technique [6, 9-113 i
extremely useful to measure tensile properties AZH

of multi-pass welds and very thin weld regions sash
laser beam (LB) and electron beam (EB) welds. Rurin
the tensile testing of weld joint, transverse wdlde
specimens usually fail away from the weld jointyvild
metal exhibits high strength overmatching, as shown
Figure.4. The results of such tests will inevitably
provide base metal strength values but with reduced
ductility, due to the presence of high strength ezon
within the gauge length. Advanced testing techréque
with the use of image analysis system, it is pdssib
monitor the evolution of the plasticity across the
specimen. Figure 5b is illustrating heterogenedastic
strain localisation process for the undermatchetVFS
containing flat tensile specimen.

Houdremont Lecture

Figure 4. Typical strength overmatched flat tensg specimens
failed away from the weld zone.

Micro-hardness variation across the FSW welded 2024
Al-alloy 20 mm thick plate is showing Figure 5a the
heterogeneous nature of the weld joint. During the
testing of flat tensile specimen, one surface & th
specimen was monitored to determine the strain
localisation and hence ductile failure location fwit
respect to heterogeneous cross-section of the joim
images shown in Figure 4b are illustrating andfyargy

the indications of the micro-hardness results. The
micro-hardness results have revealed that theeeatt
(nugget) of the joint is not the region with lowest
strength, whereas HAZ (or TMHAZ) regions,
particularly retreating side of the joint may hdweest
strength and hence failure location. Indeed, dutivey
tensile testing of the specimens of the EU project
WAFS) of joint failed due to localisation of theagtic
strain. The reason for this heterogeneity of thiatjo
with respect to advancing and retreating sideshef t
FSW process is due to the temperature distribution
during the process.

Micro-hardness ;a §j =T Al 2024 T3.51

180 [ —
Advancing side

Retreati

ng side
°

Microhardness HV 0.2

HV-a
® HV-b
A HV-c

HV-d

Distance from the weld center [mm]

a)



WAFS/AI2024T3.51/WC2F2

il

| ™
>
-

[ 0,5 1 15 2 25 3 35 4
strain [%]

(b)

Figure 5. Microhardness and tensile testing of séngth
undermatched Al-alloy 2024 FSW joint.

a) Micro-hardness distribution at different depthsof the FSW
weld joint of 2024 Al-alloy

b) ARAMIS images of the FSW joint during the tensié testing of
the joint. Images are showing at different stresselvels
corresponding strain distributions. [EU project WAFS]

stress [MPa]
]
=3

e
.

100

50

Figure 6 is showing the specimen extraction tealmiq
from EB welded material for determination of local
tensile properties of the weld joint. The microtfla
tensile specimens are 0.5 mm thick and 2.0 mm wide
and most suitable for determination of mis-matolele
for HAZ regions of high strength steels where HAZ
softening usually occur.

Furthermore, this technique can be applied to deter

the mechanical property gradient of the surfacatéc
components which usually exhibit high degree of
strength mis-match. Figure 7 is illustrating the@men
extraction of laser surface cladded (hard layegvie
section cast material (CUAILONi5Fe5) to determine t
property gradient of the surface layer and sulestiat
thickness direction. This novel testing technique
provides all needed tensile properties and their
variations, associated with microhardness gradiast,
shown in Figure 8.

-~

»

Figure 6. Extraction of micro flat tensile specimas from EB weld

[10]

Furthermore, this technique was applied to detezmin
the tensile property variation of bi-material (2024d
6056) FSW welds of aerospace Al-alloys. Figure 9 is
showing the yield and tensile strength in comboratf
micro-hardness distributions across the FSW joint
between two different Al-alloys.

Strength mis-matching between weld metal and base
metal is not always control the plastic deformatzom
hence fracture of the weld joint. The weld joinfstlee

high strength steels may exhibit lower strengtithat
heat affected zone$1AZ softening) and this leads to
strain localization under high external loading and
hence show lower resistance to fracture at thiation.

An example for the HAZ softening is shown in Figure
10

Figure 7. Micro flat tensile specimens and standarround tensile
specimen extracted from laser surface cladded thicksection
material

700

- t

400 |
g 500 .
350 1
£ z
2 E 9mm 2mm
£ 300 100: —*
g
£ P T elle
229
= [ 0.5 mm
” '
k200

Distance from surface [mm]

Figure 8. Microhardness and yield strength (red dad symbols) variations obtained from laser cladedsurface hard layer) cast material and
principle illustration of the loading type of the micro-flat tensile specimens
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Figure 9. Distribution of the micro-hardness, yieldstrength and tensile strength values across theidtion stir welded dissimilar aerospace
grade Al-alloys (2024 and 6056) butt-joint. The tesile properties are determined by testing of 0.5 mrthick micro-flat tensile specimens[EU
project WAFS]

w
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]

stress

0
distance [mm]
Figure 10. Distribution of yield and tensile strenghs across the APIX80 pipeline steel (14.0 mm thi¢kveld (5 layer) showing HAZ softening.

The values were obtained by testing of 0.5 mm thickicro-flat-tensile specimens (46 of them) extracteacross the weld joint at the GKSS.



In the absence of yield strength value (and fulbss-
strain curves) of narrow HAZ zone of high strength
pipeline steel welds, a flaw assessment will usebtise
metal properties will then be potentially unsafe.
Therefore, it is recommended to obtain full streigain
curves of all regions of the weld joint if complexs-
match situation is of a concern, as demonstrated in
Figure 10.

3.2 Fracture Toughness Determination of Strength
Mis-matched Welds

Strength mis-match affects the constraint condstion
near the crack tip, and hence effects of mis-matth
the fracture toughness properties are to be exgpecte
During the fracture toughness testing of very narro
weld metal zones (laser and electron beam welds, or
HAZ regions) crack path deviation occurs towards
lower strength regions as shown in Figure 11 below.
Hence, the toughness value generated from such
specimens will not represent ‘“intrinsic fracture
toughness” properties of the zone of interest. This
situation is a consequence of the remote plasticity
development in the neighbouring base metal, as
illustrated in Figure 2 and hence obtained fracture
toughness values are meaningless. It is obvious tha
plastically heterogeneous interfaces (both sideshef
narrow fusion zone with much lower strength levelrt
fusion zone) near to the crack tips experience high
strain concentrations and this often leads to crack
kinking out of the high strength but lower toughes
region as illustrated in Figure 11.

homogeneous A specimen

Figure 11. Two types of fracture path deviationsnto the lower
strength base metal regions during the fracture toghness testing
of highly overmatched laser beam welds of ferritisteels [12, Doc.
X-F-078-98]

homogeneous B specimen
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Figure 12. CTOD 05-R-curves for highly over- and undermatched modelveldments to demonstrate the geometry independenay the local
CTOD measurement technique. Here, homogeneous meaalsweld metal SENB specimen [8]
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In this context, mis-match adjusted toughness
evaluation methodology need to be used to
compensate the mis-match induced constraint on
toughness. Alternatively, fracture toughness can be
obtained directly at the crack tip, using clip ann
contact displacement measurement/monitoring unit.
One of the techniques in this field is the CT@D-
technique (known as GKSS method) and this uses
direct crack tip opening displacement measurements
as toughness measurement. This toughness
determination technique does not require any mis-
match adjustments. This was demonstrated by using
model weldments (EB welded bi-material SENB
specimens) in Figure 12. The unique R-curves
indicate the fact that local CTOD is not being
influenced with the mechanical properties of the
neighbouring zones.

kg SENB, Bx2B
g B=10mm
e 1.25%
2
1.0
075}
guL & o
il
AT s
o e A ) L
AA___I.71\A\ SN o
0 | | l 1 Z8iny
0 5 0:ks 002 03 104157105 06
a/W

Figure 13. Effect of weld metal strength on HAZ frature
toughness for two notch depths [1, 8]

Houdremont Lecture

The strength level of the weld metal influences the
toughness values of the HAZ. This was demonstrated
by testing of HAZ notched SENB specimens with
shallow and deep notched specimens with using
different wires which produced three distinct levef
mis-match conditions for the same base metal. Eigur
13 is illustrating the effect of weld metal stremgin the
measured CTOD values for both lower (a/W=0.1) and
higher constraint (a/W=0.5) specimens. Here, itutho

be noted that the local CTOD measurements were made
with clip gauges, which enveloped both weld and
HAZ+BM regions. Inevitably, obtained fracture
toughness values exhibit “apparent HAZ toughness”
values which do not represent intrinsic fracture
toughness properties of the martensitic microstmect

of the HAZ region.

In order to investigate the interfacial fractureviseen
two highly different metallic materials with respédo
elastic and plastic properties, a bi-material modeld
has been produced using ferritic and austenitielste
and diffusion bonding process. This project waslistl
together with EDF-France to improve understandihg o
strength mis-match effect on the fracture toughness
Figure 14 is showing a round tensile specimen after
testing of a such bi-material specimen where cotaple
plastic strain accumulated within the weaker atsten
material part. Figure 15 is presenting the yieterggth
properties obtained from testing of micro flat féns
specimens across the interface. These resultsisoe a
compared with the testing of standard round tensile
specimens, as shown in Figure 15.

Figure 14. Post-test view of the bi-material roundensile specimen
between ferritic and austenitic steels joined usingdiffusion
bonding process.

600 - Rp0,2 (MPa)

Distance to the Interface (mm)

Austenite

. . T e S
A g‘ ‘: . ¢ 500\«
Ferrite
400 -
300 -
---e--- Micro Tensile - Part |
---a--- Micro Tensile - Part I 200
—+— Micro Tensile - Average
X Round Tensile
100 -
0
T T T T T T T T
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Figure 15. Yield strength values of bi-material jint between austenitic and ferritic steel. The redts are generated with the testing of 0.5 mm
thick micro-flat tensile specimens. Bulk material poperties are compared with round specimens extraetd away from the interface.



Fracture toughness properties of such bi-material
interfaces were determined using SENB specimens
notched at various locations at the vicinity of thie
material interface. The initial notch was locatedtee
interface (1), ferrite (F) and austenite (A) maaésiwith
constant distance to the interface. Figure 16 dsviig

the load vs. CMOD curves obtained from various
specimen types, which are schematically shown with
obtained respective curve. The specimen with
interfacial crack shows immediate effect of higher
strength ferrite material by having higher loadrgiaig
capacity. However, most striking effect of lower
strength material on the fracture toughness ofitéerr
material is to prevention (orange colour curve) of
unstable fracture phenomena which is the intrinsic
property of the ferrite (red curve). It appearst ttige
critical stress state needed for a brittle or ustarack
initiation is not reached by relaxation of the drdip
stress by remote plasticity within the austenite.
Accompanying numerical investigations of this bi-
material system was conducted in France has also
materialised these results. These test results $tamen
significant effect of the material properties of
neighbouring zone adjacent to the interface.

HOEP-F-7

HeBP-I-a

Load {kN})

HeBP-F-4

71 [ A

1mm

HeBP-F

Figure 17. Macro section of the sub-interface crdctip (located
into the ferritic-F- steel side of the interface) ad strong crack
path deviation towards lower strength (but toughne} austenitic-
A- material. The figure is also schematically showig the
development of heterogeneous plastic zone at theerface region.

Unstable deformation behaviour of all-ferrite speen
(shown in red colour curve) becomes stable once
specimen contains soft (lower strength) austenite
material, as orange colour curve demonstrates

3 4 5

CMOD {mm)

Figure 16. Load vs. CMOD curves of SENB specimem®ntaining bi-material interface. Notch locations vere varied, where blue colour SENB
specimen (HoBP-F-7) representing all-ferrite homogeeous specimen while white coloured specimen (HoBR4) refers to all austenite

material.
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An extensive development of plasticity at the lower
strength (A) side of the bi-material specimen has
inevitably occurred and crack growth took placartgk
into account of least resistance path of the iatexf
region. Apparently, banded microstructural featafe
the ferritic steel has provided easy crack pattieteelop

a ductile crack towards lower strength materialeSéh
tests confirm that cracks tend to go into the lower
strength material or zone due to localisation of th
plastic deformation. Fracture toughness valuesimdda
from such systems will not represent “intrinsic”
material properties of the material where crack tip
originally placed

0.5
X80$(t:eelwelds ?; o Bl A

= at -5° u Al
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Figure 18. CTOD results for undermatched, matched rd
overmatched welds of X80 steel [58].

Further implications of such investigations on mode
welds with respect to strength-undermatched systems
are clearly visible. Weld joints of high strengthaloy
welds and HAZ softened regions of pipeline stedtiwae
will be potential failure locations due to the lbzation

of plastic deformation.

The work of M. Ohata and M. Toyodg8] was
conducted on the X-80 pipeline steel weldmentsgisin
three different wires and analysing the fracture
performance of these welds with surface crackedewid
plates showed the effect of mis-match on the fractu
performance of these welds. Figure 14 is showirgg th
fracture toughness values for different strengtts-mi
match conditions. Fracture toughness of the EB sveld
(highly overmatched) on 38 mm thick steel was
determined using deep notched SENB specimen to
investigate the effect of specimen thickness (B)ten
fracture toughness of the EB weld fusion zone (FZ2).
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Figure 19. Effect of specimen thickness (B) on fréwre toughness
of 38 mm thick steel welded EBW procesfUnpublished results
from EU Project ASPOW)]

In addition to the SENB specimens with full plate
thickness of 38 mm, the specimens with 19mm, 9.5 mm
and 4.75 mm thickness were prepared and tested with
identical a/W ratio of 0.5. The results are presénn
Figure 15. The results are showing clearly theobfid

the specimen thickness (B) for a given weld widH)

and uncracked ligament (W-a) on the so-called
“apparent fracture toughnesdlthough, crack tip was
located at the identical microstructure, reductiohn
specimen thickness caused an increase of apparent
toughness (and of scatter) of highly overmatched EB
weld fusion zone. Reduction of the constraint (a
decrease of B/2H or B/(W-a) of the overmatched SENB
specimen, therefore, shows an increase of “apparent
toughness’ which does not represent dntrihsic
fracture toughnes=f the EB weld zone.

3.3 Weld Strength Mis-matched Structures under
Cyclic Loading

Weld strength mis-match principally plays a sigrafit
role under elastic-plastic loading conditions whiarge
plasticity at the crack tip interacts with diffeten
materials/regions with different mechanical projesrt
Once interaction occurs and neighbouring material
influences the evolution of the crack tip stresaist
state, under external loading, one should expect an
influence of mis-match on the deformation and/or
failure behaviour of the welded component. Numerous
investigations have been conducted to characténise
constrained plasticity and interface fracture tneds
issues both under small and large-scale vyielding
conditions and some of these are reported in the
proceedings of the Mis-match 93 and Mis-match 96
International conferences.
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Figure 20. Fatigue crack growth at the fusion lineegion of the
laser welded Al-alloy which exhibits strong underméching [24]

Recent studies at the GKSS have focussed on the
strength undermatched structures operating botkerund
cyclic (constant and variable amplitude) and static
loadings due to the increasingly use of higherngifie
materials. The evaluation of fatigue crack in laseam

and friction stir welded Al-alloy weldments exhibig
highly strength undermatching conditions have been
investigated. Figure 16 is showing the fatigue krac
growing at the interface (fusion line) between Ihgh
undermatched weld zone and base metal.

200 ym

(b)

Figure 21. Fatigue crack growth features along thénterface of

the laser welded fillet welds of 6xxx series of agspace Al-alloy, a)
crack initiates at the weld toe and propagates alanthe fusion line
towards bottom of the fillet weld, b) micrograph of a crack

initiated and advanced within the soft weld, but ooe reaches to
the interface turns into the much softer interfacdayer.

Figure 17 a illustrates the fatigue testing ofefillveld
(laser welded skin-stringer joints of airframes)end
horizontal plate (i.e skin) was subjected to thelicy
loading, as arrows are indicating. When this welded
configuration (with highly strength undermatcheth{p

is subjected to fatigue loading, a fatigue crackilga
initiates at the weld toe and advances along te®ifu
line, almost parallel to the loading axis and tuimts
sheet thickness direction once reaches to the rootto
the fillet weld where angle of the weld changesgjuFé
17b reveals further effect of interface mis-matchtloe
growing fatigue crack. It appears that as the @astne
ahead of the fatigue crack in the soft weld zonghes
the interface (very thin layer of precipitation dreoft
zone) with adjacent base metal with higher strertygn
crack kinks to the interface which is not perpentic

to the loading axis. Continued cyclic loading cause
micro-bifurcation within the soft interface regibefore
penetrating back into the base metal region. These
examples are clearly showing how strength
heterogeneity both large scale and micro-level ateer
to control the advance of the damage and failurthef
component. This kind of information can be utilised
design effective crack arresters/barriers to achiev
fatigue resistant heterogeneous or bi-materiaksyst

Figure 22. Macro-section of the laser spot weldesteel Sheets and
strain distribution at the vicinity of the strength overmatched
weld vicinity during the coach peel test [36]

Recently developed advanced high strength steels
(AHSS) are used in car body using resistance spot
welding. This welding technology is being
challenged with developments in laser beam welding.
Laser spot welding for such applications create
highly overmatched spot welds. Figure 18 is showing
a cross section and FE simulation of such joints
under peel testing conditions. Strength overmatch o
weld and smaller weld volume in the lower sheet
determines the failure location in the lower sheet.
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4. Performance of Welds

4.1 Structural

Structural integrity assessment of components
containing flaw can be conducted to determine dne o

Integrity Assessment
Strength Mis-matched Structures

the following objectives [27];
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size, as specified in the design;

of Weld

or

extend the life of a structure;

to determine cause of failure.

FITNET

welded structures » design « fabricat

to select suitable material for a given toledgatefect

to find the defect tolerance of a welded strrestu
to find if a known defect is acceptable; to deti@e

Analysis i . .
_y Type of tensne Type of fracture.toughness Other information
Options data required data required
0 YS or SMYS . Relies on correlations; applicable to
_ None; Charpy energy only o
Basic only ferritic steels only
. . Based on tensile properties of the weaker
Single-point fracture ; .
1 . material (typically the PM) and the
toughness data or tearing L
Standard YS and UTS : fracture toughness of the material in
resistance curves ) .
which the flaw is located
2 YS and UTS of Single-point fracture Tal_<es account of str_ength m|_smatch;
_ h PM and WM toughness data or tearing typically worth applying only if N£1.1
Mismatc resistance curves or M<0.9
3 Full stress-strain| Single-point fracture Can take into account both strength
| curves for PM toughness data or tearing mismatch and the shape of the stress-
Stress-strain | ang wm resistance curves strain curve
I . inal int CDF approach only; elastic-plastic FEA
4 Etjjrvztsrefgf-s;[\slam '[S(;Sgher;ggénéartzc(t)l:rteearin is used to calculate the driving force fo
J-integral | and wm res?stance curves ’ the cracked body
Full stress-strain Relationship between fracture' Can take into account constraint effects,
5 toughness and crack-tip . . .
i curves for PM constraint. ea J as a function by matching crack-tip constraint in the
Constraint | g W ' €9 test specimen and the cracked structure

of T-stress

YS: yield (or proof) strength, SMYS: Specified Mimim Yield Strength, PM: Parent Metal, WM: Weld Meta
M: mismatch ratio (ratio of WM yield strength to Pj&ld strength)

Figure 23. Analysis of Options of Fracture Moduleof the FINTET FFS Procedure [34, 35]
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Component related
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Figure 24. Flow chart of the Fracture Module of theFITNET FFS Procedure for assessment of the weldafiv.

Defects in welded structures often occur within or
near welds across which tensile properties
significantly vary. As described in previous senp
this strength mis-match in tensile properties can
affect the plastic deformation pattern of the défec
component, and thus the crack driving force such as
CTOD or J integral. Until research work was
conducted within European project SINTAP [18, 37],
existing defect assessment methods were restrioted
the homogeneous structures. In principle, the
methods for homogenous structures can be applied to
welded structures, if the tensile properties of the
weakest material are used; for instance, for
overmatched welds (M>1), those of the base metal.
However, such a simplified approach can lead to an

unduly conservative result, and thus a FFS
methodology specific to strength mismatched
structures was needed to reduce excessive

conservatism. For this very reason, the SINTAP
Procedure [14, 18, 25, 37] introduced a novel flaw
assessment route for strength mis-match welds.
FITNET FFS Procedure [34, 35] takes over these
routes (Options 2 and 3), Figure 18, for treatmamnt
conventional multi-pass and advanced (laser and
friction stir) welded structures [25, 31, 32]. Tkadter
one particularly exhibits significant (up to 50%)
strength undermatching in structural welds used in
aluminium structures of automobile, marine and
aerospace. Figure 20 illustrates the principle haf t
FITNET FFS procedure for weldments.

4.2 Mis-match Limit Load

The limit load of the welded structure is the most
crucial parameter for the assessment of the sthengt
mis-matched welded structures. The limit load of
mis-matched structures differs from those of
homogeneous all base metal or all weld metal
structures or considerations. It lies between these
limits and controls the evolution of plastic
deformation of the cracked body and hence of the
crack driving force. In classical solid mechanibs t
limit load is defined as the maximum load a
component of elastic-ideally plastic material ideab
to withstand, above this limit ligament yielding
becomes unlimited. In contrast to this definitioaal
materials strain harden with the consequence Heat t
applied load may increase beyond the value given by
the non-hardening limit load. Sometimes strain
hardening is roughly taken into account by replgcin
the yield strength of the material by an equivalent
yield strength (flow strength) in the limit load
equation. In the fitness-for-service (FFS) analysis
procedure FITNET, numbers of limit load solutions,
including newly developed [e.g 13, 15,] are given

in Annex B (Vol II) [35]. The results and recent
developments of SINTAP, BS7910, R6 sources are
used to generate this Annex.

Extensive validation works have been conducted
during the development of the FITNET FFS
Procedure. Some of these investigations can bedfoun
in [21-33]. Furthermore, series of collected case
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studies used both during validation and training of
young engineers (Hand outs and lecture notes for
FITNET Training Seminars) and this volume will
also be released soon.

4.3 Weld Strength Mis-match in Steel Pipelines

Extensive investigations have been conducted during
last decades to develop steels, welding technotogie
and improvements of design and flaw assessment
guidelines for oil and gas linepipes. These
developments have played a significant role foesaf
and economic transportation of natural gas an@awil
well as their field developments. Offshore pipetine
in deep water and long distance gas transporation
produced challenges to develop high strength and
high toughness steels to reduce cost. Up to X120
steel grades have been developed and weldability,
strength mis-match and crack arrest issues were
intensely investigated. The higher strength and
toughness could be reached by the TMCP while
maintaining the good weldability (keeping Ceq at a
suitable level).

It is known that for high strength steels, the s

for only slightly overmatching or even matching is
more likely to occur than the lower strength steels
Therefore, whenever the seam weld or girth weld of
the pipe may influence the limit state of the pipe,
weld strength overmatching should be maintained to
start with. This situation appears to be more diffi

to fulfil for X120 (827 MPa) steel pipes and strémg
undermatching most likely to occur to satisfy the
toughness and ductility requirements. The steel
producers of X120 grade utilizes a different
microstructural system which is different than
typically used in X80 (quench and temper
microstructure). This in turn may affect the crack
arrest (propagating ductile fracture) behaviour of
such steels and welds.

The strength of linepipe is generally increasing to
reduce the cost and hence the linepipe steel X530 h
been developed by many steel manufacturers using
basically steel chemistries of low C- high Mb, Mo,
Nb (V) microalloyed system with Cu, Ni and Cr
using TMCP technology. However, these steels show
significant HAZ softening and insufficient
overmatching weld metal. During the last decades,
the Y/T (yield to tensile) ratio of pipeline stedias
increased from about 0.80 to 0.9 and above. Today,
pipeline steel standards (e.g APl 5L and DIN 17172)
specify a maximum Y/T ratio of 0.93 to ensure
sufficient ductility.

It is often reported that cross-weld tensile praiesr
determined by the properties of HAZ and weld metal
fractures. Even most of the burst tests reportebeto
failed in the weld joints of high strength steepgs.

It is obvious that designers of pipelines (espégial
for strain based applications) are unlikely selgetd
metal that is undermatched compared to the base
metal. However, lower strength regions in girth dvel
applications can still occur, even when the weld
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metal is overmatched. For example, root pass inoft
welded manually with an undermatched consumable
to reduce the risk of hydrogen cracking and promote
better tie-ins. Further, HAZ regions, can exhibit
lower strength then either the weld metal and base
material, as shown in Figure 21.

These results have been presented during recent
pipeline  conferences (e.g. Pipe Dreamer’s
Conference, 7-8 Nov. 2002, Yokohama, Japan and
4th Pipeline Technology conference, 9-13 May 2004,
Ostend, Belgium).

It has been also shown [19] that internal pressire
pipelines can concentrate the strain into low-giten
HAZ of girth welds and an elevation of strain ireth
HAZ may not be proportionally increase with the
remote strain to failure. This and similar other
investigations [e.g. 16, 20 see also proceedings of
Pipe dreamers conference and Pipeline technology
conference volumes] have revealed that the strattur
significance of local strain elevation topic needs
further investigations.
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Figure 25. Hardness distribution across the weldgjint of X100
steel, showing HAZ softening (undermatching) whileveld metal
exhibit overmatching [16].

Furthermore, high longitudinal strain is one of thest
critical loading conditions experienced by pipelgigh
welds. Such high longitudinal strain in onshore
pipelines is often associated with soil movements
(seismic activity, slope instability etc.). On the
otherhand ofor offshore pipelines, high longitudiina
strains occur during the pipe laying operation l{ingg

and it can be as high as 2-3%. Presently, DNV @fish
Standard F101 provides substantial guideline fdeate
acceptance criteria for under longitidunal strain
condition and this guideline suggest to use BS7910
(Level 3) type of analysis (which is also stressdnf, if

the accumulated strain is higher than 0.3%. Regentl
developed FITNET Fitness for Service Procedure does
not provide a strain based analysis and it is @dnio
develop a section addressing to this topic inclgdin



analysis of higher grade steel pipes (higher Y/fiora
materials) and welds (beyond X80) and crack arrest
issues of these steel linepipes.

One of the open issues that need to be dealt withei
generation of low-constraint fracture toughnessiesl

of the welds and HAZ regions using SENT specimens.
Currently, no solution is available to conduct mmiatch
corrected toughness (CTOD and J) testing procefdure
such specimens. Particularly, testing of welds \W#v
softening (together with weld metal mis-match ratio
and inclusion of its effect on fracture toughnessl a
crack driving force estimation (beyond the elasti@ain
range) is a complex issue and need further research

4.4 Weld Strength Undermatching: Welded Thin-
walled Al-alloy Aerospace Structures

Thin-walled components such as used in aerospate an
ship structures are designed to satisfy the damage
tolerance requirements of fatigue and residuahgtte
The residual strength of a homogeneous structure is
basically a function of material properties (strimg
toughness etc.), flaw and component geometriesedls w
as the applied stress. The residual strength assess
route, therefore, is well established and succégsfu
used for the riveted (differential) structures e tlast
decades. However, assessment of welded (integral)
structures requires detailed information on thealloc
weld joint (fusion or nugget area and heat affected
zone) properties and weld geometry. This infornratio

of particular importance if the weld joint exhibits
mechanical heterogeneity (strength mismatch). dgini
of aluminium alloys by friction stir (FSW) or laser
beam welding (LBW) usually produces a weld joint
area having significantly lower strength
(undermatching) than the base metal and this nteds
be taken into account during the structural intggri
assessment. In such welded structures, a lowargstre
weld zone may lead to a plastic strain concentnaitio

the weld joint if it is loaded beyond the yieldests of

the weld material and, hence, to the development of
higher constraint within the weld region due tosthi
heterogeneous deformation behaviour. Therefore, thi
strength mismatch induced complexity needs to be
considered when residual strength analysis is atiedu

for such structures. Most of the published valati
cases of the FITNET FFS Procedure deal with sthengt
overmatched welded thick-walled components where
such welds are common for steel structures. Thag w
a need to generate new experimental data on highly
undermatched thin-walled structures to provide
validation cases for the FITNET FFS Procedure [35]
where welded structures with strength mismatchhzan
assessed. Recently, some validation cases [185]R2-2
were successfully undertaken with particular ingete
structures welded with advanced joining technicpres
containing strength mismatched welds. The recent
studies, therefore, focussed to the application and
validation of the FITNET FFS Procedure on thin-wdll
Al-alloy airframe structures where base metal aBd\L
and FSW welded large panel tests provide experamhent

data [20]. These investigations need to be exterded
the improvement of damage tolerance performance of
weld strength mis-matched components using soetalle
“local engineering” methods. These methods include
modifications of stress state around the weld drga
tailoring of the joint design, welding process and
surface treatments.

The use of adequate and precise input parameters
(based on the experimental observations of the gama
process in the undermatched weld area) is partlgula
essential to describe and predict the critical @mrdin

such structures. The selection of strength andhoeiss
values to be used in the assessment has significant
implications on the outcome of the analysis andiireq
new considerations to avoid excessive conservatism
the predictions.

The treatment of the significantly strength
undermatched thin-walled laser welded Al-alloyshbot
in butt-joint and stiffened panel configurationsvla
been investigated and Refs. [18-21] report theltesi
large number of mis-match limit load solutions fret
existing SINTAP procedure is being reviewed and
extended (for example covering clad (bi-material)
structures) and given in Annex B of the second mau
of FITNET FFS.

As an example, two panel results of the strength
undermatched laser welded aerospace Al-alloys
programme [18, 22-24] was selected to demonsthate t
application of FITNET FFS Mis-match Option. Figures
26 and 27 are showing both experimental resulthef
panels and comparison with the FITNET predictions
where three different m-values (intends to quarttify
constraint at the crack tip) are used to deterntivee
sensitivity of the analysis to the m-values (where
85=K32/m RpO.ZE)-

The mis-match vyield load and load carrying capacity
level of the cracked panels provide informationtbe
stress state in the uncracked ligament ahead of the
crack. The failure of the undermatched panel oecurr
above the yield load indicating an elastic-plastigime

but it was far below the tensile strength (appr@0

kN) of the laser welded joint giving rise to faiur
caused by a critical crack tip condition (mis-maith
induced) and not by plastic collapse.

The variation of parameter m shows that for langer
the predicted curve becomes stiffer, reaching its
maximum at smaller CTOD values, Figure 27. For
m=2.0, the FITNET prediction is in good agreement
with the experimental failure load as well as the
deformation behaviour. This result shows that sgfiten
undermatching indeed increases the crack tip cainstr
to the level of plane strain, although 2.0 mm thpekel
under tension, if it was homogeneous, should operat
under plane-stress condition.

Furthermore, FITNET analysis carried out in [24] &
much more complex case of reinforced thin panels
containing laser welded multiple stringers. In tbise,
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Al-alloy panels with three longitudinally laser webd
stringers are tested (test 1 and test 2) and l@sad v
CTOD curves are predicted with FITNET FFS
Procedure. Two analysis Options are used, that the
predictions are in good agreement with experimental
results while predictions are remaining at the
conservative side, Figure 27.

The Fracture Module provides a hierarchical assessm
structure (Options) based on the quality of avédab
input data. Using a higher assessment option esisure
decrease in conservatism due to an increase of data
quality. Refining the stress analysis of the congmn
and/or improving the sizing of the flaw under
consideration can also achieve a decrease in
conservatism. The use of Option 3, as shown inrgigu
28, proves that the higher analysis Option decs=tse
conservatism in predictions.

Al 6013 T6, 2W=760 mm, a,/W=0.33, B=2.0/2.6 mm

* v
4001 [LBW (FZ) X

X

300¢F

Load, kN
S
[}

slrain 2 9

100} = 250
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Figure 26. Load vs. CTOD curve of the center cradd 760 mm
wide plate. The panel was 2.0 mm thick (weld joinarea 2.6mm)
aerospace grade Al-alloy 6013 and contained highly
undermatched 3.0 mm wide laser weld. Furthermore, ifure
contains images of the plasticity development at écrack tip and
within the strength undermatched weld. FITNET FFS Rocedure
was applied to predict the failure load (point 5) 6this thin-walled
and highly mis-matched weld panel under tension [34
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Al 6013 T6, M(T) LBW, ay/W=0.33, B=2.0/2.6mm
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Figure 27. Comparison between FITNET FFS Fracture Mdule
Option 2 (mis-match) predictions and experimentally obtained
load vs. CTOD curves of the thin-walled panels desbed in Fig.
5. The R-curve was used in the analysis was obtathérom small
C(T)50 type fracture toughness specimens [24]

4.5 Current status of the FITNET procedure

The FITNET FFS procedure is currently available,
Figure 9 to interested parties in the form of aalffin
document, Revision MK8 [34, 35]. The ultimate aim
remains to publish the procedure (Volumes | andadl)
a CEN document, via a CEN workshop agreement
(CWA 22). 1t is likely that the volume containing
validation, case studies and tutorials will reméie
intellectual property of the FITNET consortium, and
will be published separately by them. In the meuaati
plans are underway to adopt relevant parts of FITNE
into a future edition of the BS 7910, the UK na#ibn
procedure.

Al 6013 T&, 2W=740 mm, a 5/W=0.5, B=2.0 mm
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Figure 28. FITNET FFS predictions (Option 1 and Opion 3) of a
residual strength of laser welded 3-stringer panelwith large
central crack (broken central stiffener) [24].



5. Final Remarks

Extensive international efforts have been made to
design and assess the primary welded engineering
structures for safer operation provided framewak f
significant progress and numbers of sucess staoies
develop. For this process-property-performance
relationships have been established for varioueBys

Research should continue to develop technology and
knowledge applicable to all industrial sectors agiag
load-bearing structures, which require safety to be
properly inbuilt in the design and fabrication peeses

as well as structural health monitoring, quality
inspections and maintenance to ensure the struictura
safety throughout their lifetime.

On the other hand, engineering structures will
increasingly be fabricated using “multi-materiabigm”
principles, which will use different materials with
different mechanical properties to increase thecttral
efficiency and for cost and weight reduction pugsos
This will expand the heterogeneous nature of the
components with numbers of dissimilar joint inteda.
Treatment of defects and cracks in such components
will require new approaches and methodologies. L-ong
term research is therefore, needed to develop and
establish the structural safety principles of thydbrid
components increasingly used in various manufarguri
industries. Multi-material design principles should
make use of the existing knowledge on the strengsh
match.
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