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In modern manufacturing, design of transport vehicles such as ships,
automobiles, trains and aircrafts emphasizes minimizing weight to improve fuel
economy and/or enhance the carrying capacity. Therefore the demand for
lightweight structures assembled using thin plates has significantly increased.
When thin plate is used, buckling type distortion may be produced by the welding
process. Buckling is considered to be the most critical type of welding distortion
because of its instability and difficulty of straightening. In this research, the
mechanism of welding induced buckling is clarified using the concept of inherent
deformation. The effectiveness of elastic FE analysis using inherent deformation in
prediction of buckling distortion caused by welding assembly of large scale thin
plate structures and the subsequent straightening is demonstrated.

In Chapter 1, the background and the objective of this research are presented.
Published investigations of welding distortion and especially welding induced
buckling are thoroughly reviewed.

Theories and methods incorporated in the in-house code JWRIAN, which is
used to carry out all the computational analysis throughout the present
investigation, are introduced in Chapter 2. JWRIAN consists of a solid element
thermal elastic plastic FE analysis, a shell element elastic analysis and eigenvalue
analysis based on the inherent deformation theory.

The concept of inherent deformation is explained in Chapter 3 taking the
longitudinal inherent shrinkage (tendon force) as an example and three methods to
evaluate are presented. The average temperature (the temperature at which the
whole welded joint has a uniform temperature distribution and starts to cool
uniformly) is used to explain the influence of the width of a welded joint and the

heat input used in welding on the magnitude of the longitudinal inherent shrinkage.

Chapter 4 shows the overview of buckling behavior during the whole welding
process, which consists of the heating and the cooling processes. When thin plates
made of high tensile strength steel are welded, not only residual buckling after
cooling, but also transient buckling during welding may occur. During heating
process, large compressive thermal stress is produced near the welding line and the
plate buckles due to this stress. During cooling, the compressive thermal stress in
the region close to the welding line disappears, and tensile residual stress is
produced in and around the welding line due to contraction. Compressive residual
stress is then produced away from the welding line to balance the tensile stress.
This compressive residual stress, when it exceeds the critical buckling condition,
produces buckling deformation in saddle mode.

An experiment and three types of computations performed for bead on plate
welding on a low carbon steel plate are presented in Chapter 5. In both experiment
and computations, saddle type buckling is observed and a good agreement with
measurements is obtained. Eigenvalue analysis shows that longitudinal inherent
shrinkage caused by welding is the dominant cause of buckling in bead on plate
welding. Inherent bending and initial deflection are considered to act as
imperfections that trigger buckling and influence the magnitude of out-of-plane
welding distortion.

In Chapter 6, a thin plate stiffened structure is selected to investigate the
twisting type buckling induced by welding. The same assembly sequence as in
experiment is considered in computations. A comparison of computed results with
measurement shows that the twisting type buckling of thin plate stiffened
structures can be predicted accurately using either thermal elastic plastic FE
analysis or elastic FE analysis employing the inherent deformation theory assuming
large deformation. However, thermal elastic plastic FE analysis requires large
computing time and memory space. Further, eigenvalue analysis shows that both the
longitudinal and the transverse inherent shrinkage determine the occurrence of
buckling and its mode. The computed lowest buckling mode in this case is twisting
type in agreement with experiment and both thermal elastic plastic FE and elastic
FE analyses.

As a practical example, buckling distortion of car deck panel in PCC (Pure Car
Carrier) is investigated in Chapter 7, in which the welding assembly process is
precisely taken into account. Elastic FE analysis using the inherent deformation
theory is employed to predict welding induced buckling. Elastic FE analysis and
eigenvalue analysis show that the buckling is observed in the region near the edge
of the deck panel and only bending distortion is produced in the internal region.
Knowing the mechanism which produces the distortion, straightening process of
welding distortion by line heating is simulated. In the internal region, inherent
bending deformation with the same magnitude as that produced by welding is
applied on the opposite side of welded joint assuming a fast moving gas torch. Only
the in-plane inherent strain is applied assuming a slow moving gas torch to
mitigate the buckling distortion in the edge region. It is shown that out-of-plane
welding distortion of the car deck panel can be reduced to an accepted level after
the straightening.

Finally, Chapter 8 concludes this thesis with summarizing its contributions
and presents suggestions for the future research.
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