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A Transient Investigation of Multi-Layered
Welds at Large Structures

Tobias Loose

Ingenieurbiiro Tobias Loose GbR. Haid-und-Neu-Strafle 7, D-76131 Karlsruhe
loose@tl-ing.de

1 Introduction

Since welding processes are developed and used welding distortions have been
known as well. The distortions influence the dimensional accuracy of the
welded construction and the remaining residual stresses can effect the load
carring capacity and the stiffness of a member negatively. Therefore, resid-
nal stresses, welding distortions and their mitigation are the focus of many
pra :‘]v( ts.

In the last few years growing calculation capacity enables a welding simula-
tion of small welds on conventional PCs. Powerful parallel computing stations

g. the HP-XC4000 of the Rechenzentrum of the Universitat Karlsruhe which
was launched in 2007 permit a transient welding simulation of members for
in civil engineering common dimensions.

One interesting question in welding engineering is the different behavior of
single- and multi-layered welds. With the power ful utility of supercomputing
residual stresses and distortions of the mentioned members and their influence
can be investigated.

The investigation of this question was performed using the geometry of
a cylinder segment which is welded circumferentially. The chosen dimensions
are a radius R of 6000 mm, a sheet thickness t = 6 mm and a cylinder segment
of 11.25: the chosen cylinder segment has an arc le ngth of 1178 mm.

The numerical model is using a combination of shell and volume e lements.
The welded area with its highly non linear behavior with high gradients across
the thickness is represented by a fine mesh of volume elements and the bound-

ary areas with shell elements.

Although the model uses a lot toler -able simplifications a mesh with a high
value of nodes and elements is needed.

The finite-element calculations are performed on the HP-XC4000 using the
program SYSWELD from the ESI Company. The simulations include phase
transformations of steels and the resulting important effects.
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2 Heat Sources for Two-Layered Welds

The two-layered welds are investigated for two different kind of joil
V-butt joint and a X-butt joint. The first layer is welded from inside
cylinder.

To piont out the difference between single- and multi-layered wel
V-butt and X-butt joint is modelled as a single joint with backing i
The eriterion for the chosen parameters for the single joint with the
run s the ereation of a weld bead similar to the weld beads of the converntiof
V-butt and X-butt joint. The temperature distribution in the cross-see
the investigated two-layered welds ean be seen in figure 1.

V-WELD X-WELD
—*=6,0 mm

Layer | - inner side of cylinder
snllectel zone Ll 727 °C
weldpool —— 1500 G

A
'1

Layer 2= outer side of eylinder Layer 2 — outer side of eylinder

V-Tandem WELD X-Tandem WELD

Layer | and Layer 2 same time welded Layer | and Laye he time welded™

Fig. 1. Temperature distributions of the two-layered welds

3 Overview of the Investigat

with the dimensions listed in table 1 are used. The temperature fi
the different. welding orders are varied. The eylinder slenderness

The expected critical stresses are olastic stresses.
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The tack welds are made with five equidistant tackings with 1 cm length
each. The distance between tackings is 295 mm. Only the first inner layer is
tacked. The tack welds start a 0 s.

Two geometries of a weld line are investigated: X-butt joint and V-butt
joint. The welding gap is filled from alternating sides in case of the choosen
X-butt joint. This causes a nearly symmetrical heat input. Therefore, this
case is similar to the single-layer joint of the previous chapter, the only differ-
ence is a reheating of the start and the end of previously welded layers. The
filling of the welding gap in case of a V-butt joint is onesided and unsym-
metrical. The angular distortion known from V-butt joint of plates leads in
case of a perimeter weld line on a cylinder and for the desired opening of the
welding gap outwards to an anlargement of radial deformation inwards. The
choosen forms of joints describe favorable and inappropriate orders of weld
line geometries referring to the distortions.

The first layer - in case of a multi-layered joint - is welded following welding
order 4, the second layer with welding order 2. Welding line 2 of the first layer
starts at 1000 s, welding line 1 of the first layer starts at 2000 s and the welding
line of the second layer at 3000 s

In models with single-layered weld line the welding order 4 is used with
in previous paragraph mentioned times for layer 1. The heat source in single-
layer models is modelled in the way, that the melting pool of a single layer
joint equates to molten area of a multy-layer joint.

Proper parameters of the investigated models are shown in table 2.

Table 2. Weldform realisations of the investigated cases

Cylinder Weld
Name
V2 two-layered V-weld

V1 |single-layered V-weld

X2 two-layered X-weld

X1 single-layered X-weld

4 Axial Stresses

For the model with a double-layer welded V-butt joint (V2) the axial stresses
at the equator in the middle of the shell after tacking, after the welding of the
first layer and after the welding of the second layer are shown in picture 2.

An axial stress bulb known from single-layer welded cylinders occures after
the layer 1 between the weld joint 1 and 2. This is visible in the middle of the
segment where there is a tensile-compression-stress-change of the blue curve
in picture 2.
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The compression stresses prevailing in this curve are a result of the excei:
tricity of the middle arca of the shell in case that, after layer 1. the weld
gap is filled only to a half. i

Axial residual stresses disappear after the overwelding of butt joint change
[rom layer 1 to layer 2. this is shown with the green curve in picture 2

The situation respected to axial stresses for X-butt Jjoint is the Hlﬂlle'-ﬂ'ﬁ?
V-butt joints.

In case of a X-butt joint the situation referable to axial stresses equals to
the sitnation in case of a V-butt joint.

1000 +—
1 Layer | weld | Layer] weld 2‘ — tuck
1 200051021194 —Layer ]

800 - Ayer2 weld 1 1T 7 f——— —.ayer2

3000 s 10 3238 5
GO hecsmmsesrrmnipgrosiiiisi l

400

200

Axial stress o, in N/mm

200 1 _ i V

400 - aif J

71 [ NSRRI (| — R

-5,625 45 3375 -225 -1.125 0 1125 2,25 ‘33750 IS Uit

Circumferential angle in ©

Fig. 2. Axial stress oy in I—'\'-:, al the equator of the shell midth, two-layerediv:
i -
joint (V2)

5 Welding Distortions

The highest radial deformations w ontwards and inwards for the investig
models are arranged in table 3. Deformations normalized to the section t
ness are presented in table 4. The highest radial deformations inwan
located - as well as in cases of single-layer weld lines - in the weld ling
cenl areq.

Picture 3 shows the radial deformation w after separate steps for o
with X-butt weld (X1, X2) at the meridian VL = -2.8125. The weld
is on the right side of the segment and not on the examined Meridian,
is the reason why the deformation in the middle of the second weld |
oriented ontwards.
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The inwards oriented radial deformation of the two-layer welded cylinder
segment is significant lower than in case of a single-layer welded segments.
This is visible in picture 3 for a X-butt weld and is also valid vor a V-butt
weld (table 3).

Table 3. Maximum values of the radial deformation w in mm

Weld |V 2-layered |V I-layered|X 2-layered|X l-layered

after Tacking:

outwards| 0,314 0,314 0,314 | 0,314
inwards | 0.0672 0,0672 0,0672 | 0,0672
after Layer 1:

outwards| 0479 | - 0,379 .
| inwards 0,682 | - 0,841 B

after Layer 2:

outwards|] 0,170 | 0,273 0,136 0,257
[inwards [ 1,611 2,00 1,24 1,95 |

In the picture 4 we can see the radial deformation at the equator for
a double-layer V-butt weld and in picture 5 for a double-layer X-butt-weld
after single process steps.

The second layer of the V-butt weld has a clearly larger volume of the
molten pool than the second layer of the X-butt weld. This is the reason for
a much larger weldseam shrinkage compared to a model using X-butt weld.

Welding deformations are demonstrated in pictures 4 to 4 for investigated
models.

Table 4. Maximum values of the normalized radial deformation

Weld I\-' 2-layered|V I-layered|X 2-layered|X 1-layered
|after Tacking:
loutwards| 0,0523 0,0523 0,0623 | 0,0523
inwards | 0,0112 0,0112 0,112 | 0,0112
after Layer 1:
outwards| 0,0798 | - 0,0632 | -
[inwards | 0,114 | - 0,140 | =
after Layer 2: _
outwards| 0,0283 0,0455 | 0,0227 0,0428
inwards 0,269 0,333 | 0,207 0325 |
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] 200051021194 | 1000 s 11195
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Fig. 5. Radial deformation w in nn at the equator, two-layercd X-butt weld (X2)
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Fig. 8. Radial deformation w in mm after welding, 50-times deformed, two-layered

X-butt weld (X2)
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6 Critical Stresses Under Axial Load

Critical stresses under axial load of investigated models are described in ta-
ble 5. Deformations belonging to the eritical stresses are shown in pictures 10
to 13.

Caleulated eritical stresses ave larger compared to models with single-layer
weld line and comparable slenderness of the cylinder, which is a result of the
choosen size of a segment, which is 11,25 and very small. This canses a high
perimeter spindle connt and a high eigenvalue. For this reason, the critical
stresses are ouly to be considered as comparative values of different models.

Critical stresses in models with single-layer butt welds and donble-layer
V-butt weld are in the same order of magnitude. The eritical stress in case of
a double-layer X-Butt weld is significant larger. The reason for this effect is a
mch smaller radial deformation in this model.

Table 5. Critical stress oy, in

=
Cylinder “Weld critical stess|normed critical]
Name shress :—'I
V2 layered 84,5 0.67 I
Vi layered 86,6 0.G8

V 2-
vV 1-
X2 |X Zlayered 90,7 0,79
X1 X l-layered 86,5 0,68
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The clearly reduced distortion in case of the two-layers X-hntt weld com-
pared to a single-layer welding causes a significant angmentation of eritical
stresses. It can be stated for this welding geometry. that a simplified calenla-
tion of single-layer welding is a conservative estimation.

The difference of distortion between a double-1 V-butt weld and a single-
layer V-butt weld is less distinetive than in case of an X-butt weld. The
buckling is however clearly dillerent. The buckling at the beginming and the
end of the weld line in the middle of the segment is more developed. In ease
of a two-layers weld line lies the distinetive buckling at the left horder of the
segment. This is the reason for the following conclusion:

There are significant geometrical and structural iimperfections in the tran-
sition area begin of the welding line - end of the welding line that are leading
to a distinetive bnekling in ultimate state. This is shown in models with single-
layer perimeter weld line as well as the model with o single-layer V-hutt weld
(Picture 11). I, in case ol a multi-layer weld line, the beginning and the and
areas ol the weld line are overwelded, the imperfections ol the first layer arve
cdiminished, the buckling takes cffect in some other area, in investigated model
(Picture 10) on the left border of the segment.

The ealeulated critical stresses are equal in both models with a V-Butt
weld. It can be observerd that the simplilied calenlation with a single-layer
weld line leads to equal eritical stresses as a multi-layered caleulation.

We ean conclude that multi-layered welding does not lead to larger imper-
fections compared to a single-laverd welding. The results of a parametric study
with single-layered welding can be transferred to eyvlinders with greater sheet
thickness that are welded multi-layered for reasons of production technology.

ISOVALEURS

ITITTTTITTTTT I

il

1l

g &

Fig. 10. Radial deformation w in mm under eritical load. 50-times deformed. two-
layered V-butt weld (V2)
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Fig. 13. Radial deformation w in mm under eritical load, 50-times deformed, single-
layered V-butt weld (V1)

7 Calculation Times

A particnlar difficulty of the welding simulation lies in the calenlation of large
gracdients that appear during the calculation ol the temperature field as well
as in the mechanieal ealenlation. It is necessary to use a fine mesh in the weld
line area and small time steps during the calenlation of welding. This canses
a high calenlation complexity for finite elements models.

The caleulations of multi-layered weld lines were macde at scientific super-
computer HP XC4000 at the electronic data processing center ol the Univer-
sitiit Karlsruhe.

The calenlations using Sysweld were done - depending of the certain model -
on a node with 4 CPUs. A caleulation duration of one day results in a needed
calenlation complexity of 4 CPU-days. It is allowed to start up to 10 calen-
lations per user simultancons, so the models for the parametric study were
calenlated at the same time. Because of a long caleulation duration for one

model a huge time saving compared to a total caleulation time for all models
was reached.

Geometry, mesh size, welding time and the caleulation times divided in
the calenlation of the temperature lield, mechanical calenlations and the cal-
culation of axial eritical stresses [or a Shell-Vohnme-Model with a double-layer
weld line are shown in the table 6.




Table 6. Calculation time [or a shell-volime model of
mlti-lavered ciremmforrential welds
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a cylinder segment with

Cylindername V2

R mm G000

| Lin num | 6
L i mm 2400
Segment in degrees 11.25

Segment in mm 1178

Area in m” 2,83
Number of nodes 77 323

Number of shellelements

Number of volumeelements

Welding time in s

i Thermal analysis:

Number ol timesteps

Computingtime in days

Computingtime in CPU-days

Mechanical analysis:

Number of timesteps 859
Computingtime in days 25,2
- Computingtime in CPU-days Lol
caleulation of the axial critical stress:
“Number of timesteps 5l
Computingtime in days (0,35
Computingtime in CPU-days 1.41




