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During the assembly of steel structures, unacceptable weld defects may be found. An economical solution is local
thermal gouging of the affected areas and re-welding. Due to high shrinkage restraints of repair weld and sur-
rounding structure, high global and local welding stresses superimpose, and may lead to cracking and component
failure, especially in connection with the degraded microstructure and mechanical properties of high-strength
steels during the repair process. Component-related investigations of high-strength steels (FOSTA P1311/
IGF20162N) focus on welding residual stress evolution during local thermal gouging and rewelding. In this
study, repair welding of SSOOMLO (EN 10225) is carried out using in-situ digital image correlation (DIC) and ex-
situ X-ray diffraction (XRD) to analyse strains and stresses. Self-restrained slit specimen geometries were iden-
tified representing defined rigidity conditions of repair welds of real components, which were quantified using
the restraint intensity concept. The specimens were rewelded with constant welding heat control and parameters.
Weld specimens exhibited significantly increased transverse residual stresses with higher transverse restraint
intensities, in the weld metal, and in the heat affected zone. Transverse stresses along the weld seam decrease at
the weld seam ends leading to different stress state during gouging and welding. XRD analysis of the longitudinal
and transverse local residual stresses after cooling to RT showed a good comparability with global DIC analyses.

1. Introduction

The sustainable and resource-efficient production of wind energy
plants requires the use of modern high-strength fine-grain structural
steels. This applies to both foundation and erection structures.
Depending on the application, manufacturers and operators of struc-
tures made of high-strength structural steels [1] have to meet high re-
quirements in terms of weld joint safety and quality in accordance with
the relevant standards [2]. This involves a continuous non-destructive
testing of the welds during the manufacturing process for approval
and in the further life cycle. If critical defects and imperfections are
found, there is the option of local gouging of the defective areas with
subsequent repair welding of the groove. Deeper weld defects are usu-
ally gouged by thermal methods, such as carbon arc gouging, due to
economic aspects and advantages regarding crack detection, where the
weld metal is melted by means of a graphite electrode and the slag is
blown out by means of compressed air [3], as shown in Fig. 1a. The
resulting groove can be repair welded after appropriate reworking. In
practice, decisions on the feasibility of a safe repair weld as well as on
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the procedure are mostly based on empirical values and the know-how
of the manufacturing companies. Standards and guidelines for welding
processing, especially in the case of high-strength steels, do not provide
specific advice and information on adequate repair concepts.

The applied thermal gouging processes and repeated welding cause
thermo-mechanical stresses and microstructure degradation in the
original welded joint. Thus, a disproportionate degradation of the
microstructure is to be expected as a result of repeated thermal stresses if
more than one repair cycles are necessary. Thermal gouging involves
very high heating and cooling rates and can lead to significant ductility
and toughness losses, especially in multilayer welds in the areas of the
heat-affected zone (HAZ) when repeatedly heated to peak temperatures
between Acl and Ac3 [4], the intercritical heated partially austenitised
range. At temperatures just above the Acl temperature, the carbon
enriched microstructural components transform into austenite. A high
cooling rate would result in carbon enriched martensite or bainite. Thus,
with increasing number of repair cycles, increasing microstructure
degradation is to be expected [3]. Furthermore, the use of graphite
electrodes in gouging leads to carbon enrichment at the seam edges,
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which according to Karpenko [5] can be up to 2% in the surface of the
gouged groove.

In addition, the weld-related stresses in the repair weld are usually
higher than in the original weld, since the welding of the gouged grooves
in the overall structure is subject to increased restraint conditions [1].
Welding causes transient and permanent stresses depending on the
material used, the welding process and the constructive shrinkage re-
straint [4]. Locally in the weld area, residual stresses - the so-called
restraint stresses - are the result of temporally and locally inhomoge-
neous elastic and plastic deformations due to thermal shrinkage, solid
phase transformation and quenching processes and ultimately a complex
superposition of these effects [6-8], as schematically shown in Fig. 1b.
In the case of component welds, additional design-related shrinkage
restraints are present, which additionally lead to reaction forces and
stresses at the weld cross-section and are superimposed with the local
restraint stresses, cf. Fig. 1c [9]. Especially in the case of the usually
slit-shaped repair welds, high design stiffnesses are to be expected, cf.
Fig. 1a. As a result, high additional tensile residual stresses are initiated
which may be crack critical in combination with a degraded
microstructure.

An approach to quantify the restraint situation during repair welding
is the restraint intensity model according to Satoh [10,11]. The restraint
intensity is based on an analytical transverse shrinkage force model,
where within the elastic range of the base material the transverse
shrinkage force Fy is related to the overall transverse shrinkage (Ay =
Ay1 + Ays) and the weld length Lg. Furthermore, the restraint intensity
can be described according to Hooke’s law with the Young’s modulus E
and the plate thickness H:

Rpy = (E-H)/Ls = Fy/((Ayl + Ayz)-Ls)inkN'(mm‘mmYl (@D)]

This makes it possible both to quantify the shrinkage restraints of
real component and repair weld details and to compare them with each
other and transfer them to near-component test setups. Numerous in-
vestigations based on different test conditions showed that the residual
stresses that arise are clearly dependant on the level of shrinkage re-
straint and that the expected stress level can be estimated with sufficient
accuracy using the restraint intensity concept [12,7]. Analyses of the
dependence of the degree of restraint and the weld heat transfer showed
significant effects of these parameters on the hindrance of transverse
shrinkage. In particular, it was shown that low interpass temperatures
and a preferential setting of the cooling times by adjusting the heat input
and heat input may be helpful to significantly reduce the stress level
after welding and cooling, especially under high stiffness conditions [8].
However, this has not yet been systematically investigated for repair
welding situations.

2. General approach and procedure

Against this background, a current research project of BAM (FOSTA
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P1311/IGF-No. 20162N) focuses on the welding of structural
component-like specimens which specifically represent realistic support
and heat dissipation conditions of repair welds. In a first step, self-
restrained specimen shapes were identified for this purpose applying
the restraint intensity model according to Satoh [10,11]. The approach
applied was to use slit specimens with specific external dimensions,
whereas the restraint intensity is adjusted by varying the slit lengths Lg.
Various studies have already shown a number of correlations, e.g., on
the basis of different slit specimen configurations and the transferability
of these from laboratory scale to full-scale component dimensions with
the aid of experiments on large-scale testing facilities [13,14,7] as well
as approaches for predicting residual stresses on the basis of numerical
simulations taking into account the component and weld geometry [15,
16].

By means of structural simulation, the restraint intensities of about
Rpy = 11 kN+(mmemm) * (Ls = 200 mm) and 22 kN+(mmemm) ' (Ls =
125 mm) could be determined for the selected specimens, cf. Fig. 2a,b.
Due to the specimen symmetry, it was possible to use a half-model and to
block all degrees of freedom at the axis of symmetry in the centre of the
specimen, as shown in Fig. 2c. The meshing of the model was accom-
plished in respect of the further investigation of large-scale component
structures with shell elements, whereby the element size was succes-
sively adjusted. Previous numerical and experimental analyses [7,
13-15] show good comparability of the results and a small influence of
the seam preparation at high surrounding stiffness, so that the V-seam
preparation could be idealized as an I-seam by using shell elements. The
restraint intensity is calculated analogously to [8,13] by applying a
surface load of 100 MPa at E = 215 GPa and calculating the resulting
displacement of the weld flanks A2y over the slit length, cf. Fig. 2c. A
free-shrinking specimen with no restraint transverse to the weld direc-
tion (“0 kN-(mm-mm)_l“) was chosen as a reference. The three spec-
imen shapes thus represent repair cases under free shrinkage (specimen
P1), medium (slit specimen P2: Lg = 200 mm) and high shrinkage re-
straint (slit specimen P3: Lg = 125 mm) and were mechanically manu-
factured. Welding experiments were performed on all specimen shapes,
using in-situ measurement methods to determine the occurring transient
displacements and stresses during welding, cf. Section 2.1. After cooling
to ambient temperature, residual stress measurements were performed
to quantify residual stresses for corresponding shrinkage restraint con-
ditions after repair welding, cf. Section 2.2.

2.1. Welding experiments with in-situ DIC analyses

The MAG welding experiments were carried out on the material
S500MLO (EN 10225) with the solid wire filler metal G50 7 M21 4Mo
(ISO 12341) under free-shrinking and restrained conditions ((0; 11; 12)
kN-(mm-mm)’l). The chemical composition and mechanical properties
of the base materials and filler metals are listed in Table 1. Using a linear
axis, cf. Fig. 3a, constant welding parameters were realized for all

Restraint stress |

Y

Fig. 1. (a) Groove after gouging with carbon electrode; (b) schematic illustration of local restraint stresses under free-shrinking conditions and (c) superposition of

the local residual stresses and global reaction stresses [8].
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Fig. 2. (a) Free-shrinking specimen P1, (b) self-restrained slit specimens with varied slit-length P2 (Ls = 200 mm) and P3 (Ls = 125 mm), (c) numeric modelling.

Table 1

Chemical composition of base material, filler material and mechanical properties (at room temperature).
Base / filler material in wt.-% C Si Mn Cr Mo Nb Ni Rpo,2 Rn As Av
S500MLO (EN 10225) 0.053 0.34 1.81 0.17 0.13 0.040 0.110 546 MPa 736 MPa 22% 324J @ —40°C
G 50 7 M21 4Mo (ISO 12341) 0.100 0.69 1.82 0.03 0.43 0.002 0.020 607 MPa 637 MPa 18% 60J @ —70°C
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Fig. 3. (a) Test setup welding experiments, (b) close-up prepared specimen with DIC-area.

specimens and experiments, as listed in Table 2. Prior to welding, the
specimens were preheated using locally at the slit to 50 °C. The interpass
temperature during welding was monitored using thermocouples. A
pyrometer (measuring range: 150 to 1500 °C) was used to determine the
Atg,s cooling times on the weld bead. By using a digital image correla-
tion (DIC) system, an in-situ 2-dimensional measurement of the tran-
sient strains and displacements occurring during welding and cooling
was performed. For this purpose, the specimens were previously pre-
pared with a stochastic pattern, as shown in Fig. 3b.

2.2. Ex-situ XRD analysis

The resulting residual stresses were measured by X-ray diffraction

Table 2
Welding parameters and test variation.

(XRD) [17]. Two systems were used for this purpose: On a selected slit
specimen (P3: Lg = 125 mm), the transverse, longitudinal and shear
stresses were measured 2-dimensionally over the specimen surface using
a robotic system. The residual stresses were determined applying a
linear least square analysis of the sin®¥-law (Délle-Hauk equation) by
using 19 ¥ (—45° to 45°) and 3 ¢ (0, 60°, 120°) tilts each. For the large
number of the different specimens, the transverse residual stresses were
analysed along a measuring track transverse to the welding direction (up
to £100 mm from the weld centre). Here, a semi-automatic measuring
system was used, applying the sin®¥-method (CrKo; collimator: D = 2
mm; Y-steps: 7; Y-range: £45°).

Welding current/ Welding speed ~ Wire feed speed ~ Preheat/interpass Heat input  Atg/s cooling time  Restraint intensities Rgy in kN.
voltage temperature (mmemm) !
261 A/255V 26 cm/min 8.5 m/min 50°C/ ~150°C l1.6kJ/mm @13.7s 0; 11; 22
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3. Results
3.1. Effect of the transverse restraint intensity on welding stresses

Fig. 4a shows the transverse residual stress distribution across the
weld seam of the free-shrinking specimen (P1). It shows a typical re-
sidual stress profile for a transformable steel according to the established
models [4, 6,18,19]. The tensile residual stress maxima are located in
the weld metal near the weld seam transition being up to approx. 200
MPa. Farther away from the transition to the weld centre, low tensile
residual stresses of up to 50 MPa and down to residual compressive
stresses of —100 MPa are present. These compressive residual stresses
are mainly caused by superposition with transformation residual stresses
due to volume expansion during the transformation from austenite to
ferrite while cooling. The secondary maxima of the tensile residual
stresses in the free-shrinking welded specimen occur in the HAZ up to
about 150 MPa. Starting from the HAZ in the direction of the base metal,
the residual stresses drop to the initial state of around 0 MPa.

The slit specimens, on the other hand, show significantly increased
residual stress profiles, as shown in Fig. 4b. The design-related shrinkage
restraint initiates reaction forces which, causing — even in the far field of
the weld - still significantly higher transverse residual stresses compared
to the initial stress state of the surface before welding. At a distance of
60 mm from the centre of the weld, these are still at approx. 100 MPa at
the medium restraint (P2) and 120 MPa at the upper restraint level (P3).
In addition, a significant increase in the tensile residual stress maxima
can be observed in the HAZ, resulting from the complex superposition
with the reaction stresses due to the restraint condition [8]. For the
long-slit weld (P2), the tensile residual stress maximum at the HAZ is
approx. 300 MPa and for the short-slit weld it is almost 400 MPa, which
corresponds to approx. 80% of the nominal yield strength of the base
metal. Due to the superposition of the global reaction and local welding
stresses, the weld metal and weld transition regions also show signifi-
cantly elevated residual stress level compared to the free-shrinkage weld
specimen (P1). The evaluation of the averaged residual stress indicates a
continuous increase in the stress level with the restraint intensity for
both the weld metal and the HAZ, see Fig. 4c. It should be emphasized
that the stress level in the HAZ is increased by about 100 MPa at the high
restraint intensity (Rpy = 22 Ne(mmemm) 1) compared to the weld
metal, being almost at 60% of the nominal yield strength. This could be
especially critical, since the HAZ could show significant microstructural
degradation due to gouging and repair welding.

3.2. 2-dimensional ex-situ XRD analysis of highly restrained welds

The residual stresses on the surfaces at and around the highly
restrained weld (P3, Ls = 125 mm) were additionally determined by
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means of XRD 2-dimensional analysis and are shown as stress maps in
transverse and longitudinal direction in Fig. 5a,b. Furthermore, Fig. 5c
exhibits the map of residual shear stresses. Compared to the stress pro-
files shown in Fig. 4 the superposition of the local restraint stresses of the
weld and global reaction stresses adjacent to the weld is also obvious, cf.
Fig. 6b. Maxima of the transverse residual stresses are located in the
centre of the specimen and the weld, while compressive residual stresses
are found in the areas of weld start and end. This is also obvious in
Fig. 6a, showing a transverse stress profile of a measuring track along the
weld adjacent the weld seam (y = 13 mm). Tensile transverse residual
stresses still exhibit at a distance of 100 mm from the weld centre line, cf.
Fig 5a. The longitudinal residual stresses also increase in the direction
towards the centre of the weld, cf. Fig. 5b and Fig. 6b, showing tensile
values over the whole weld seam. Herein, a high local maximum of up to
450 MPa occurs in the HAZ 1 mm to 2 mm adjacent to the transition to
the weld metal. At a distance of approx. 30 mm from the weld centre line
(at x = 0 mm), the longitudinal stresses decrease to compressive values
of approx. -50 MPa. The map of the shear residual stresses indicates a
transition from a maximum at the weld end to minimum residual shear
stresses at the weld start, cf. Fig. 5c, which is also obvious at the residual
stress profile at y = 13 mm, cf. Fig 6b.

3.3. 2d in-situ DIC analysis of highly restrained welds

For the specimen under high shrinkage restraint (P3, Ls = 125 mm),
the 2-dimensional analysis of displacements and strains on the surface
during welding (after 1st layer, 150 °C; 6th (last) layer, 150 °C) until
complete cooling were performed in-situ by means of DIC measurements
within a selected area (Fig. 3b). As the number of weld beads and heat
input accordingly increases during the welding process, transverse dis-
placements increase in the positive direction due to thermal expansion
(Fig. 7a,b). In this case, strain maxima of up to 0.2% are reached adja-
cent to the weld. Due to heat dissipation conditions and increased
stiffness towards weld seam start and end, maximum strain is located
around the weld/specimen centre line. As the weld cools down to
ambient temperature, the strains decrease due to shrinkage and the
displacements increase to maximum values especially adjacent to weld
around the specimen centre line.

With the average remaining strain within a range of 20 mm distance
transverse to the weld direction, a transverse residual stress of orsy ~
150 MPa was calculated (Young’s modulus E = 215 GPa, Poisson’s ratio
v = 0.3). The results are accordingly (+50 MPa) to the residual stress
analysis by means of XRD in the same area, cf. Figs. 5a and 6, and are
also in good agreement with recent analyses of comparable weld tests of
slit weld specimens [15]. Correlation of the strain and residual stress
gradients of the respective maps reveal a good qualitative and quanti-
tative agreement. Hence, it is assumed that in-situ DIC methods by
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means of 2d analysis of displacements and strains are highly suitable to
characterize the material response during multilayer welding of highly
restraint repair welds. Further DIC investigations should focus on the
quantification and comparison of transient strains in the weld area for
optimization of repair welding and heat control concepts.

4. Conclusions

Currently, processing regulations provide hardly any information on
the welding repair of joints made of high-strength fine-grained struc-
tural steels. With regard to their special microstructure and low ductility
reserves, high mechanical welding stresses during and after repair
welding of joint grooves should be avoided despite the high restraint
nature of repair weld situations. With the aim of designing weld tests for
the development of adequate repair concepts, welding experiments and
corresponding ex-situ and in-situ stress-strain analyses were presented
in this study using a high-strength steel SSOOMLO. The following con-
clusions can be derived:

e By means of restraint intensity analyses, the identification of spec-
imen shapes can be achieved to represent repair conditions for
welding experiments under systematic variation of realistic
shrinkage restraints.

e Using digital image correlation, the evaluation of strains due to
welding and cooling could be determined in-situ in order to avoid

critical transient stresses by an adapted heat control. The results after
cooling to ambient temperature are in accordance with residual
stress analyses using X-ray diffraction and other studies [15].
e X-ray diffraction analyses show the superposition of local restraint
stresses and global reaction stresses. Hence, stepwise increasing of
the restraint intensity causes considerable elevation of the transverse
residual stress level in the weld seam and adjacent to the weld seam
in the heat affected zone.
The highest transverse residual stress level was found in the HAZ,
which is most crack critical due to potentially local degraded
microstructure caused by welding, thermal gouging and repair
welding. A restraint intensity transverse to the welding direction of
RFy = 22 kN.(mm.mm)—1 already causes maximum tensile residual
stresses of up to 80% of the nominal material’s yield strength.
High stresses should be avoided by enable lower restraint conditions
using adequate repair strategies and welding sequences. If this is not
possible at all, in accordance with other studies [8,9,15], welding
stresses should be controlled using adapted heat control concepts.

The ultimate aim of these investigations is to transfer the results and
findings to real components in both the mobile crane and offshore sec-
tors by means of demonstrator tests and by recommendations for
appropriate repair concepts regarding stresses and material degradation
as a basis for corresponding standards and guidelines.
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