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Distributions of Welding Residual Stresses in Various Welded Joints of

Thick Plates T

Yukio UEDA * and Keiji NAKACHO **

Abstract

It was ten and several years ago that the authors developed a theory and a method for theoretical analysis of welding
transient and residual stresses produced in a multi-pass welded joint of a very thick plate. Several years later, they also
proposed and established a general measuring theory for experimental measurement of three-dimensional residual stres-
ses. Henceforth, using these methods, they have obtained transient and residual stresses produced in many kinds of
welded joints. In this paper, these calculated and measured results being summarized, residual stresses of thick plates due
to multi-pass welding are synthetically studied and discussed on the characteristics of distributions, the correlation with

cold cracking, the mechanism of production, etc.
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1. Introduction

For study of safety of welded structures, it is very
important to know transient and residual stresses produc-
ed by multi-pass welding in thick plates. However, it had
been very difficult to obtain them by theoretical analysis
or experimental measurement, owing to complexity of
mechanical behaviors of weld metal and HAZ, three-
dimensional state of stresses, etc.

More than ten years ago, the authors started a re-
search on multi-pass welding residual stresses by perform-
ing theoretical analysis. In this research, based on the
theories of thermal elastic-plastic analysis (finite element
method)!»?)| they developed an efficient and accurate
method®~9 for analysis of multi-pass welding transient
and residual stresses. Applying this method, multi-pass
welding transient and residual stresses have been obtained,
and their production mechanisms, their relations with
cold cracks, etc. have been clarified®~ 14, About ten
years ago, they proposed a new measuring theory of three-
dimensional residual stresses using inherent strain as a
parameters)'ls) and developed actual measuring methods
such as L, method'®'? and Ly method! 18 It
became practically possible to measure multi-pass welding
residual stresses. Henceforth, welding residual stresses of
several welded joints have been measured by newly
developed approaches based on this theory'6»17):19)

In this paper, using the results of these theoretical
analysis and experimental measurement, characteristics of
distribution of multi-pass welding residual stresses, influ-
encing factors on them and their relations with cold

cracks are discussed synthetically.

2. Characteristics of Residual Stress Distributions, Influ-
ential Factors and Their Relations with Cold Cracks in
Multi-pass Welded Joints '

2.1 Calculated welding residual stresses

The authors have analyzed transient and residual
stresses produced in various types of multi-pass welded
joints of thick plates by theoretical method, and the
production mechanisms of such stresses, the relations with
cold cracks, etc. have been investigated®~14. A simple
joint model under simple welding condition (SM 50 butt
welded joint of 50 mm thickness plane plate) is chosen
as an appropriate example (first example) to describe the
characteristics of distributions of residual stresses. In the
theoretical analyses treated in this section, temperature or
temperature-history dependence of mechanijcal properties
of materials are considered.

2.1.1 Multi-pass butt welded joint of thick plane plate
(SM 50, plate thickness: 50 mm)

As shown in Fig. 1, 20-layer (20-pass) narrow gap butt
welding was applied to SM 50 steel plate of 50 mm
thickness®), It was considered that the distribution pat-
tern depends on the restraint condition of a joint, and two
extreme restraint conditions were assumed; a condition
under which longitudinal deformation and angular dis-
tortion occur freely (restraint condition A) and one under
which both deformations are restricted (restraint condi-
tion B). Under respective conditions, residual stresses were
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Fig. 2 Calculated Welding Residual Stresses.

obtained by theoretical analysis.
Distributions of residual stresses in the middle cross

section of the weld zone and on the top surface of the .

specimen are shown in Fig. 2. o, indicates stresses in the
plate width direction and o, those along the weld line. In
case of restraint condition A in which longitudinal defor-
mation and angular distortion occur freely, residual
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stresses near the bottom surface of the weld zone become
largely tensile both along the weld line and in the plate
width direction. In case of restraint condition B in which
the above-mentioned deformations are restrained, these
stresses are converted to compressive ones. Accordingly,
root crack may occur under very small degree of restraint.

On the other hand, the effect of restraint condition
was relatively small on the top surface side, i.e., in the
vicinity of the finishing bead. The reason is that as the
plate thickness increases, the above-mentioned deforma-
tions are more restrained internally when the welding near
the finishing bead is applied, because the weld metal
already laid recovers rigidity. The distribution of residual
stresses near the finishing bead may be characterized by
that the maximum tensile stresses appear not on the
finishing bead but several layers below (see Refs. 4 and 7
for this reason). This is remarkable in plate width direc-
tion. Large tenmsile residual stresses in this vicinity may
cause underbead crack, longitudinal crack and transverse
crack.

2.1.2 Cylinder-head welded joint of a pressure vessel of
very thick plates (2% Cr-1Mo steel, plate thickness:
100, 150 mm)

Welding residual stresses produced in a cylinder-head
joint (U-groove) of a pressure vessel (Fig. 3 (a)) made of
very thick 2%Cr-1Mo steel plate were estimated®—5)»7).
For analysis and experiment, double U-groove joint
models (Fig. 3 (b)) of 200 and 300 mm plate thickness
which are twice as thick as the original were prepared,
since it was considered that longitudinal deformation and
angular distortion hardly occur due to the high degree of
internal structural restraint for the actual joint. Each pass
of welding was applied to these models alternately on
each side of the grooves. In the experiment, submerged
arc welding was applied. The numbers of passes were 87
for Model M-200 of 200 mm plate thickness and 167 for
Model M-300 of 300 mm plate thickness.

Shown in Fig. 4 are the transverse welding transient
and residual stresses o, on the top surface and in the
middle cross section of Model M-300 obtained by both
theoretical analysis and experiment. If attention is paid to
residual stresses, it is seen that their distributions are
subjected to the effect of restraint. Like the case of a butt
joint of a plane plate under restraint condition B of the
previous example, compressive stresses remain in the
middle of the plate thickness direction (corresponds to
the inner surface of an actual joint), the initially welded
portion, and tensile stresses are produced near the top
surface, of which maximum value appears just under the
finishing bead. If embrittlement due to diffusive hydrogen
accompanies, underbead crack may occur and expand to
the surface.

Transient stresses produced when the groove is welded
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Fig. 3 Cylinder-head Welded Joint of a Pressure Vessel
and Its Research Model.
halfway and cooled to the interpass temperature (200°C)
are also shown in Fig. 4. The pattern of these distributions
shows fundamentally the same characteristics as of the
-aforementioned residual stresses.
2.1.3 Multi-pass corner welded joint of thick plane plate
(SM 50, plate thickness: 40 mm)

In order to investigate and prevent lamellar tearing and
root crack of a multi-pass corner joint from a dynamical
view point, welding residual stresses produced in such a
joint have been analyzed under various conditions® 11,
CJIC (Corner Joint weld Cracking) test model shown in

Fig. 5 was used for the analysis of a corner joint. Chang- .

ing the external restraint, theoretical analyses were per-
formed for the cases when bending restraint intensity is
large (Kg = 108kgf-mm/mm-rad) and when it is the least
(Kg =0).

Shown in Fig. 6 are the distributions of welding
residual stresses o, (perpendicular to the weld line) in the
section of the weld zone and on the top surface of the
vertical plate. These distributions change in a similar
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Fig. 6 Transverse Welding Residual Stresses.

manner to those in the butt joint of the first example
according to the change of restraint to angular distortion
(corresponds to bending restraint here). When bending
restraint is large, tensile residual stresses on the top sur-
face of the vertical plate become larger and may cause
lamellar tearing, When bending restraint is small, large
tensile stresses are produced at the root of the groove and
may cause root crack.

With the purpose to prevent initiation of lamellar tear-
ing by decreasing tensile stresses on the top surface of the
vertical plate even when bending restraint is large, residual
stresses were analyzed on four types of groove (Fig. 7).
Residual stress distributions near the top surface of the
vertical plate are shown in Fig. 8. Tensile residual stresses
of types P and C are smaller than those of type M.

2.1.4 Multi-pass butt welded joint of thin and thick pipes
(SUS 304, plate thickness: 5.5, 8.6 and 30.9 mm)

Residual stresses produced in SUS 304 steel pipes by
circumferential multi-pass butt welding (V-groove) were
theoretically analyzedm)_“). Sizes of the used pipes are
2B pipe (5.5 mm thickness), 4B pipe (8.6 mm) and 24B
pipe (30.9 mm), and the sequence of welding is shown in
Fig. 9. TIG welding method was applied to the welding of
initial passes and SMAW to the sequent passes. From the
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third layer, the heat-sink welding by which the inner sur-
face of a weld zone is cooled by strong water-spraying
during welding was applied in addition to the conven-
tional welding by which a joint is naturally cooled. This
heat-sink welding aims to produce compressive residual
stresses on the inner surface of the weld zone and prevent
stress corrosion cracking. 4B pipe was also used to investi-
gate how the influence differs when heat input is increas-
ed and the number of passes is decreased. Analyzed
residual stress distributions are shown in Figs. 10 (heat
input is increased to Q-14, Q-23, Q-45) and 11.

Since butt welded joints of pipes are axisymmetric,
longitudinal deformation due to welding is internally
restrained, while angular distortion occurs to some degree.
In case of 24B pipe (30.9 mm thickness), stress distribu-
tions are similar to one produced under this restraint
condition. That is, the distributions are between those
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produced under the two extreme restraint conditions of
the butt joint of the first example.

If heat-sink welding is used, the inner surface or the
initially welded side is compulsorily cooled, so that a
great temperature difference occurs in the plate thickness
direction like the case of thick plates. Therefore, even in
case of thin plates such as 2B pipe (5.5 mm) and 4B pipe
(8.6 mm), residual stresses distribute similarly to those in
the restraint condition B of the butt joint of thick plates
of the first example, and compressive stresses remain on
the inner surface of the weld zone. These compressive
stresses prevent stress corrosion cracking.

2.2 Measured welding residual stresses

The authors presented a general measuring principle of
three-dimensional residual stresses in which inherent
strain is used as a parameter and formulated it using the
finite element method®>'%), Applying this measuring
theory, they conducted experiments on several multi-pass
butt welded joints of thick plates and measured their
three-dimensional welding residual stresses. Followings are
the examplesls)’lg).

2.2.1 Multi-pass butt welded joint of thick plane plate
(SS 41, plate thickness: 50 mm)

In experiment, residual stresses of a multi-pass butt
welded joint (Fig. 12) of a mild steel (SS 41) plate were
measured'® . The size of the used specimen is as follows:
weld length, L =200 mm, plate width B =200 mm and
plate thickness, t = 50 mm. 14-pass submerged arc welding
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Fig. 11 Calculated Welding Residual Stresses of 24-
inch Pipes on the Inner and Outer Surfaces and
at the Middle Cross Section.
was applied to the U-groove of the specimen. No restraint
was added to the welding deformation such as longitu-
dinal deformation or angular distortion.
Residual stress distributions of oy (longitudinal direc-
tion) and oy (plate width direction) measured on the top
and bottom surfaces and in the cross sections in the
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middle of the weld line are shown in Figs. 13 and 14.
Their distribution patterns are quite the same as those
under the restraint condition A of the joint of the first
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example, in which no external restraint is added. That is
to say, large tensile stresses are produced not only imme-
diately under the finishing bead but also at the bottom
surface owing to the great influence of longitudinal
deformation and angular distortion. This is one of the
typical characteristics of the residual stress distributions.
Accordingly, root crack may occur in this case.
2.2.2 Multi-pass butt longitudinagl and circumferential
welded joints in a penstock (HT 80, plate thickness:
S50 mm)

Using a large size penstock model of 80 kgf/mm? class
high tensile strength steel plate, three-dimensional residual
stresses produced in a tubular shell plate by (1) cold
bending, (2) longitudinal welding of a joint and (3) cir-
cumferential welding of a joint were measured respec-
tively'®). The penstock model and the location of each
specimen taken out are shown in Fig. 15. The plate thick-
ness of the model is 50 mm. Submerged arc welding was
applied first to the inner side and then to the outer side of
the X-grooves.

Distributions of three-dimensional residual stresses pro-
duced in the shell plate by cold bending are shown in Fig.
16. Residual stresses in the axial direction of the model,
o, and those in the circumferential direction, oo™, are
almost point-symmetric with respect to the center of the
plate thickness. o, is approximately 30 ~50% of og™
in magnitude. It is considered that these are the typical
characteristics of residual stress distributions by this type
of cold bending.
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'Welding residual stress distributions in the longitudinal
joint are shown in Figs. 17 and 18. Distributions in Fig. 17
are complicated since welding residual stresses distribute
on and near the weld metal, and combined residual
stresses by cold bending and the subsequent weldings on
the base plate near the weld line. The above residual stres-
ses distributed in the plate thickness direction are shown
in Fig. 18. Figure 18 (a) shows welding residual stresses in
the weld zone and (b) residual stresses by cold bending
and the subsequent weldings in the base plate. From these
distributions, especially Fig. 18 (a), in reference to the
first example, welding deformation behavior of this joint
is predicted as follows: Angular distortion occurs easily in
longitudinal joints as is evident from the distribution of
oy (circumferential stress) in Fig. 18 (a). While longitu-
dinal deformation, which is considered to occur hardly,
is known to considerably occur from the distribution of
og" (axial stress, along the weld line here) in the same
figure. This may be explained by the fact that the length
of the model at the longitudinal welding is shorter in
comparison to the radius. _

Distributions of welding residual stresses in a circum-
ferential joint are shown in Figs. 19 and 20. It is seen
from the residual stress distributions in the plate thickness
direction of the weld zone shown in Fig. 20 (a) that dis-
tributions of circumferential (along the weld line) stresses
o¢" and axial stresses 0, are similar to those in the cir-
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cumferential butt joint of 24B pipe already described in

2.1.4. Especially, 0" shows a close resemblance to those

in 24B pipe. Naturally, their production mechanisms are

the same. It is considered that angular distortion occurs to

some extent and longitudinal deformation little.

2.2.3 Butt welded joint of very thick plate by electroslag
welding (SM 50, plate thickness: 100 mm)

Residual stresses of a butt welded joint of SM 50 steel
of 100 mm plate thickness by electroslag welding (Fig. 21)
were measured!”). Electroslag welding takes quite a dif-
ferent welding process from multi-pass welding which has
been treated in this study. Residual stresses by electroslag
welding deserve attention as those produced by applying
large heat input (2094 KJ/cm) for the single pass.

Welding residual stresses at the middle cross section of
the weld line produced by this welding method are shown
in Figs. 22 and 23. Figure 22 (a) shows the distributions
of residual stresses in the plate width direction (y-direc-
tion) on the surface, Fig. 22 (b) those along the center of
the plate thickness, and Fig. 23 the distributions of resi-
dual stresses in the plate thickness direction. The residual
stress along the weld line, o4, shown in Fig. 22 (b) is
comparatively similar to that produced in a one-pass butt
welded joint made of a thin steel plate in which phase
transformation occurs at a low temperature??). That is to
say, of the distribution in the plate width direction, large
tensile stresses are produced in the HAZ and small tensile
stresses in the weld metal. The maximum tensile stresses
are produced at the center of the plate thickness as seen
from the distributions in the plate thickness direction at
the HAZ (y = 50 mm) shown in Fig. 23 (b). The reason
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Fig. 21 Test Joint of Electroslag Welding.
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Fig. 22 Measured Welding Residual Stresses at the
Middie Cross Section of the Weld Line.

may be that the specimen is made of very thick plates so
that the center of the plate thickness cools more slowly
than any other portions.

2.3 Characteristics of residual stress distributions in
multi-pass welded joints of thick plates and influ-
ential factors

Characteristics of residual stress distributions in several
kinds of multi-pass welded joints of thick plates described
in this research are summarized in the following.

Conceivable influential factors on the residual stress
distributions are the followings:

(i) material properties (physical and mechanical proper-
tiés), (i) welding condition (especially heat input),
(iii) groove shape, (iv) build-up sequence, (V) restraint
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condition of a joint, etc.

Materials used for the joint models were;

(2) SM 50, (b)2%Cr-1Mo, (c) SUS 304, (d) SS41 and
(e) HT 80.

Their mechanical properties, the aforementioned (i),
such as yield stress, instantaneous linear expansion coef-
ficient, etc., and their changes during phase transforma-
tion are greatly different from one another. So are (ii) the
welding condition, (iii) the groove shape and (iv) the
build-up sequence of the respective joints. These factors
influence the welding residual stresses quantitatively. For
example, in the joints made of HT 80 described in 2.2.2,
the maximum residual stresses do not reach the yield
stress. This i§ due to the phase transformation expansion
at low temperature (400 ~ 500°C), which reduces the
maximum tensile residual stresses greatly. However, as
having already mentioned hereinbefore, the patterns of
residual stress distributions are influenced a little by
(i) material properties, (ii) the welding -condition,
(iii) the groove shape and (iv) the build-up sequence, while
they are greatly influenced by and dependent on (v) the
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restraint condition of a joint. Therefore, such character-
istics of residual stress distributions were arranged with
respect to the restraint condition of a joint as shown in
Table 1.

Correlations of the restraint condition of a joint with
residual stress distributions and welding cracks may be
simply stated as follows: “Irrespective of severity of the
restraint condition of a joint, longitudinal and transverse
(in the directions of the weld line and the plate width)
large tensile stresses are produced in the surrounding
portion of the finishing bead. These tensile stresses may
cause underbead crack, longitudinal crack or transverse
crack. If the restraints against longitudinal deformation
and angular distortion are weak, large tensile residual
stresses are produced near the initially welded bottom
surface and may cause root crack.”

As a result, the characteristics of residual stress distri-
butions can be read qualitatively in this Table, provided
that the restraint condition of a joint is estimated.

3. Concluding Remarks

In this research, the authors summarized residual stress
distributions in multi-pass welded joints of thick plates
obtained by theoretical analysis and experimental
measurement on seven kinds of weld joints. They clarified
correlations between the influential factors and cold
cracks.

The most important conclusion is that the character-
istics of residual stress distributions are greatly influenced
by the restraint condition of a joint. Obtained correla-
tions are shown in Table 1. From now on, it is possible to
qualitatively know the characteristics of residual stress
distributions from this Table if the restraint condition of
a joint is estimated. The production mechanisms of the
welding residual stresses of the joints, which were discus-
sed only a little in this paper, are detailed in the papers
written on respective joints.
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