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Abstract. Carbon arc-air gouging is a common technology when repairing defects in welded
structures. Often this technique is applied in repeated cycles even on the same location of the
joint. Due to the multiple heat input by gouging and subsequent re-welding, the residual stresses
are strongly influenced. This can become crucial when microstructure and mechanical properties
are adversely affected by multiple weld reparations. Knowledge about the relation of gouging
and residual stresses is scarce but important when high strength steels, which are sensitive to
residual stresses, are processed. The present study shows the effect of repair welding on a high
strength steel structural element. The weld and the heat affected zone were subjected to multiple
thermal cycles by gouging and subsequent repair welding. The residual stresses were determined
by X-ray diffraction at different positions along the joint. The results showed that the residual
stress level has increased by the repair cycles. This is most pronounced for the heat affected
zone. Adapted welding procedures may prevent detrimental residual stress distributions.

Introduction

During fabrication of steel components, non-destructive testing for quality control is frequently
applied. Emerging failures are often treated locally by repair welding. In this case, multiple repair
cycles may be required to completely remove the failure. Standards do not limit the number of such
repair cycles. Therefore, it is unknown how the number of repair cycles influences the mechanical
properties and residual stresses. These stresses become important when high strength steels are
applied, which are more sensitive to residual stresses due to their limited ductility.

For the removal of weld defects, carbon arc-air gouging is a commonly used method during
fabrication. The advantage is the excellent failure finding ability due to the good accessibility even in
the edges of a component. Carbon arc-air gouging uses a copper covered graphite electrode. Typical
diameters are 6, 8 or even 10 mm. A positive polarity is used for the electrode when gouging steel.
The specific current load reaches from 10.5 A/mm? for a 6 mm diameter electrode to 7.5 A/mm? for a
10 mm diameter electrode. The molten material is blown out of the weld by an air stream. The
gouging depth is controlled by the angle of approach which is usually between 30° and 45° [1-2].

Residual stresses in repair welds are not reported in the literature up to now. Similar behavior may
be expected from slit welds which are used to evaluate the cold cracking behavior of welds. The
notch created by gouging is comparable to the slit used in specific tests [3-7]. Published data reveals
that the residual stresses in such tests are influenced by slit characteristics, i.e. length [3-4] and
position in the sample [8-9], and the stiffness (restraint intensity) of the test pieces [5]. Nevertheless,
the number of gouging and respective repair welding cycles has not been investigated yet. Therefore,
the present work focuses on the residual stress development considering multiple repair cycles.
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Experimental
The sample for residual stress analysis was adopted from a typical detail in a real bridge construction
(Fig. 1, left). The lower flange joint of the cross girders of an open bridge deck and the orthotropic
plates are static sensitive joints. In service, the load acts transverse to the weld. The weld is under
tensile stress. In case of railway bridges, this type of joint is therefore checked 100% by non-
destructive testing.

In this study, the test sample consisted of two base plates acting as the lower flange of the main
beam, namely the cross girder. The transverse stiffener, located on the root side of the weld,
simulated the cross-girder web (Fig. 1, right).
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Figure 1. Weld detail in a bridge construction — cross girder ]omt (left), sample szmulatmg the
cross girder joint consisting of two base plates and a transverse stiffener on the root side (right)

Welding was performed according to typical parameters used during fabrication as indicated in
Table 1. Two base materials with a thickness of 20 mm (base plates) and 10 mm (stiffener) were
chosen. The high strength steels S355J2+N and S690QL (minimum yield strength: 355 MPa
respectively 690 MPa) were welded using gas metal arc welding (GMAW). Matching filler materials
G3Si and G69 4 M Mn3Nil1CrMo were used with 1.2 mm wire diameter, in accordance to ISO 14341
and ISO 16834-A.

Table 1: Welding parameters

Layer Preheat/interpass | Current [A] Voltage [V] Welding speed | Heat input
temperature [°C] [cm/min] [kJ/cm]
Root 120 250-260 28-29 35 12.45
Intermediate 200 300-310 31-32 42 13.73
Top 200 280-290 29-30 27 18.68

A carbon electrode with a diameter of 6 mm at a current of 380-400 A was applied for gouging in
each case. It was performed over a length of 200 mm located on the top surface of the weld according
to Fig. 3. During each repair cycle the weld seam was not removed completely. A small edge of the
original weld seam with extent of 1-2 mm was left. After the initial welding cycle and between, the
joints were allowed to cool down to ambient temperature. Gouging and subsequent repair welding
was repeated up to five times. The depth of the gouged region was about 7 mm.
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Figure 2: Gouged test samples (left), location for residal stress determination on sample top
surface indicated by black dotted line (right)

The residual stresses were determined by X-ray diffraction using the sin*y-method [10].
Measuring and evaluation parameters are given in Table 2. The measurements were performed along
the line located in the center on the top surface of the joint covering the weld, HAZ and base
material. 25 points were chosen along a distance of 48 mm. Fig. 2 (right) shows the location and
arrangement of the residual stress measurement. There are single locations in the weld and also HAZ
where the residual stresses could not be determined due to microstructural reasons (nonlinear d vs.
sin?y distributions).

Table 2: Measuring and evaluation parameters for residual stress analysis

Measuring mode sin*y

Focus 2 mm
Radiation CrKoa
Diffraction line Ferrite: 211
E{211} 211.000 MPa
v{211} 0.3

Results and Discussion

Residual stresses found for the as welded condition in the samples of steel S355 (see Fig. 5 left)
showed higher values for the longitudinal direction as compared to the transverse one. This accounts
for the weld metal itself and also for the heat affected zone (HAZ) in the base material. The highest
peak values may reach the yield point of the steel. The transverse direction is characterized only by
moderate tensile stress levels not above 150 MPa. The stress level and distribution is mainly
influenced by the restrained shrinkage of the weld and HAZ.

The S690 shows comparable residual stress characteristics (Fig. 5 right), although the highest
stress peaks, which were found only in the HAZ, had values up to 250 MPa. The weld metal showed
lower stresses, which were caused by the phase transformation to bainite and martensite [11]. Even
compressive residual stresses may appear.
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Figure 5: Longitudinal and transverse residual stresses in the as welded condition of S355 (left)

and S690 (right)

After the first repair cycle the residual stresses in S355 were shifted to higher values, especially in
the HAZ and the base material. The weld metal showed more or less the same characteristics as
found for the as welded condition. In the HAZ particularly, the transverse residual stresses were
affected by the repeated heat input due to the deposition of the weld metal. The same trend was
observed for the higher strength material S690 (Fig. 6, right). While the weld metal was less affected,
the HAZ and the base material showed elevated tensile residual stresses around 400 MPa. The stress
distribution appeared asymmetric, due to manual welding and gouging. The main reason for the
residual stress rise after the first repair cycle was the increase of the shrinkage restraint due to the
notch resulting from gouging. Applying a number of repair cycles to the same weld led to even
higher stress levels which reached the yield strength, particularly in case of S355 (Fig. 7, left). The
weld metal of S690 was less affected, due to the stress reduction caused by the phase transformation,
(Fig. 7, right). Nevertheless, the HAZ showed increased residual stress levels with repeated gouging.
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Figure 6: Longitudinal and transverse residual stresses after the 1° repair cycle of S355 (left)

and S690 (left)
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Figure 7: Longitudinal and transverse residual stresses after the 5" repair cycle of S355 (left)
and S690 (right)

Adapting the welding procedure allowed control of the residual stress levels found after gouging
and repeated deposition of the weld metal in the notch. Applying a Pilgrim-step sequence during
welding (three steps) resulted in moderate stress levels longitudinal as well as transverse to the
welding direction (Fig. 8). Even lower stresses than in the initial as welded condition were obtained.
This applied for S355 as well as for S690. With shorter welds the shrinkage length was less.
Therefore, longitudinal residual stresses were lower compared to the conventional welding
procedure.
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Figure 8: Longitudinal and transverse residual stresses after the I*' (left) 5" repair cycle (right)
of 8690 after applying back-step-repair welding.

Summary

Residual stresses were determined on welded samples of S355 and S690 high strength steel. The
sample geometry represented a common detail used in bridge constructions. The residual stress state
was analyzed by X-ray diffraction for the as welded condition and for subsequent first and fifth
repair cycle. The residual stresses significantly increased after the first repair cycle and continued to
increase with further weld repair cycles. The stress increase was more pronounced for the
longitudinal direction. S355 was affected in both weld metal and HAZ, but the higher strength steel
S690 was only influenced in the HAZ. The reason was the stress reduction due to solid state phase
transformation acting in the weld metal, which was more prominent in case of S690. Elevated tensile
residual stresses in the HAZ can become critical when the mechanical properties are degraded.
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Applying a Pilgrim-step sequence during the repair welding procedure is an appropriate way to
reduce the residual stresses significantly.
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