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Abstract— Accurately predicting welding residual stressed daveloping a convenient welding
sequence for a weld system is an appropriate tesle svelding residual stress is inevitably
produced in a welded structure. In this work, tiffeat of layered, block and cascade welding
sequences on the thermo-mechanical response df vebklments is studied by use of a 3-D
thermo-viscoplastic model. An Anand model is usedsimulate the rate dependent plastic
deformation of welded materials. At the same timedeling of the welded region in the present
study has been done on the basis of the "isothemedting pool" approach. The temperature
dependency of the thermal and mechanical propestiesaterials.is considered in the analysis and
the effect of the welding speed and welding lagl #ire inter-pass temperature is introduced into
the model as well. Thus, the model presented haseptovided a convenient welding sequence to
enhance the fabrication process of a circular weld.

Keywords— Welding sequence, thick shell, Anand model, caseadthod, block method, layer method, 3D thermo
viscoplastic model

1. INTRODUCTION

Metallurgical welding joints are extensively usedthe fabrication industry including ships, offshor
structures, steel bridges, and pressure vessetsmihits of such welded structures include a hight j
efficiency, water and air tightness, and low fastien cost. However, residual stresses and disttcan
occur near the weld beads due to localized he@ynilne welding process and subsequent rapid caoling
These high residual stresses in. regions near thé may promote brittle fracture, fatigue, or stress
corrosion cracking. Meanwhile, residual stressehénbase plate may reduce the buckling strengtheof
structure members. Therefore, welding residuaksa® must be minimized to control their consequence
according to.respective requirements. Investigatmage developed several methods including heat
treatment, hammering, pre-heating, vibration stretief, and weld sequencing to reduce the residual
stresses attributed to welding [1-7]. The in-pracesntrol of welding residual stresses becomes more
desirable than ‘post-welding rectification or othmethods when the manufacturing efficiency is
considered. The easiest in-process control methHoducing welding residual stresses is "changing
welding sequences".

Various types of sequences are developed and oga@dtice such as built up, block, back step and
the cascade sequence. However, most can be @dssifo two major categories named multi-pass and
multi-block [7]. The selection of proper weldinggsences is an important practical challenge inrorale
reduce residual stresses and distortion. Most esuglie centralized on a multi-pass sequence. dteslg
[8] studied the effect of the filling order on ré@sal stresses at an X grove multi-pass butt-weilak.jo
Mochizuki et al. [9] varied the residual stress value by changfregorder of welding pass sequences in a
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multi-pass fillet weld joint. A two dimensional REodel was used. Nami [7] evaluated the effechef t
number of layers on residual stresses in a V gnowiti-pass butt-weld.

The prediction of weld residual stresses reliesntyain the accurate prediction of the weld thermal
cycle. Oddy et al. [10] stated that the predictidthe temperature field requires a nonlinear,siemt, 3D
analysis. Studies by Chao and Qi [11] proposed 3atmodeling of the weld process is essential for
practical problems and can provide accurate rebgtusss and distribution results that cannot bainbd
from 2D simulations. Many researches have been danie modeling and analysis of thermal fields in
weldments, and various investigators have triestudy the influence of some of the effective paranse
such as arc power, welding speed, welding sequesmogsenvironmental conditions [1,12-14]. Several
models have been developed to simulate the ingseofiche arc into the weldments including "Gaussian
distortion of heat flux"[15], "double ellipsoidaloprer density"[16], "ramp heating” [17] and "moving
isotherm pool" [18].

The present investigation performs a 3D thermoepsastic .analysis using the finite element
technique to analyze the thermo-mechanical behavidrevaluate the residual stresses with variquesty
of welding sequences (block, cascade, layeredydnlar welded shells. Furthermore, this study jmes
a convenient welding sequence to improve the fabdn process of circular welded shells. In thisdgt
the arc power and its movement were modeled bymr@sguthat the welded region is an isothermal melted
pool. Also, the element "birth" technique to inaudeld metal deposition effects is employed.

2. MATHEMATICAL MODEL OF WELDING

The Lagrangian description of body motion is ugethe formulation of welding as a thermo-mechanical
problem for metals. The displacemeanX,t) and temperaturé(X,t) in a weld joint are unknown and
the initial position of the particleX = (Xlo, Xg, Xg) and the timet are taken as independent variables.
The vector joining the poinX and actual position in the spage= (Xll, X22, X%) is the displacement
vector given byu = X —x. The constitutive variables, i.e. the stress analirs measures used in the
Lagrangian formulation, are the second. Piola-Kiftlstress tensoiT and its deviato®, as well as the
Green-Lagrange total strain tendorand deviatorE .

Welding is a coupled thermo-mechanical process iémdmathematical model consists of two
principles expressing thermal and mechanical dauilin, i.e. the balance of internal energy and rozda
of momentum, as well as satisfying initial and badany conditions. The equilibrium condition for dido
is given by the following equations

div(T+T [Ou)-(b+r)pop =0 for particle X 1 Q

2 | )
NOT+T Du)=T for particleX 00Q

where 0 =NY3/9X”, and the comma "," is the usual abbreviated rmtafor a gradient component.
The balance of internal energy for a non-rigid amtdr can be expressed in the form of

e+ding =T: L+oq N+ R 2
where e is the energy density per unit mags,s the vector of heat flux transferred through the
particleX JQ , ..q is the heat flux supplied to the welded body tiglothe outer surfac@Q, and
Ris heat losses through radiation. By considerirggrttal homogeneity for the welded material and after
some manipulations, the indicial form of the equatdf the internal energy balance could be rewride
a function of temperaturé [19]:

CO+K oy =5 +F+DF5 (3)
¢
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where

ng =T;L rateof heatgeneratiordueto mechanicaénergydissipatim
in weldments

fgS:exth Nj +oR heatflux of weldingarcandout - fluxesdueto convection
andradiation
C=pC constantvolume specificheat

Z R concentragd heatfluxes
T

In the above equationng plays the role of thermo-mechanical coupling betwthe mechanical and
thermal systems. The magnitude of this term in imglds quite small compared to the heat energyef t
arc and has a negligible effect on the thermabhystf plates [20,21].-Due to. this approximationme
investigators have neglected its effect. This mgdion causes thedproblem to be thermo-mechanically
uncoupled. Then, two separate analyses, thermahactianical, have been performed.

a) Finite element approximation

The finite element method for the fully coupledrthe-mechanical problem is based on the Ritz's
approximation of variational equation, i.e. thenpiple. of virtual work and the balance of intereakergy

[19].
The combined global finite element equation ‘for thiy coupled thermo-mechanical problem is
expressed by
i i-1
KG . Klrjg Au |: er}+1 ~ Fl:]+1 (-1 @
Ka EC” +Kp (A8]  |ROT| R

where K ] is the stiffness matrix ¢corresponding to the maita effects,K |}y is the matrix which
transforms thermal energy into a‘'mechanical omé,}éra, transforms mechanical energy into the thermal
one. The thermal stiffneds Bis the sum of the stiffness matrix correspondingdoduction, the stiffness
related to convection phenomena, and the stiffagseciated with radiation effectAu |(i) and A¢9|i

are the vector of displacement.and temperaturennents respectiveliR L”lis the vector of externally
applied nodal point IoadEun+l i1 is the vector of nodal point forces equivalent igeinal stresses,
R2+1 is the summation of the vectors of nodal thermaldk corresponding to thermal conditions, and
Fg+l|i_l is the vector of nodal thermal loads that corresptinthe heat flux through the body surface
[19].

The matrixes in equation (2-4) are taken at theetly n+1, and previous, n, time steps and current,
(i), and previous, (i-1) iterations at the curréinte step.

The nonlinear FM system of equations is solvediteely by the Newton-Raphson scheme.

After neglecting the effect df’, the stiffness matricd§, becomes zero. This will happen
becausd“,f, which is equal t@ :L, plays the role of thermo-mechanical coupling leem the
mechanical and thermal systems. The uncoupledefigiément equations for the thermo-mechanical
problem is then obtained aftéf’ is omitted.

b) Mechanical model

If transient thermal stresses produced in weldirgcampletely elastic and no incompatible strains
are formed, no residual stresses will remain. H@ngplastic strains are formed in the region arotived
weld. In this region, the temperature rapidly irses and nearly reaches the melting point of therrah
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At high temperatures the yield strength of metatiuces. Therefore, transient thermal stresses exioee
yield point of the material, and weldment undergplestic deformation. In addition, material is gtigh
homologous temperature in this region, and expeirgnrapid temperature changes could result irgh hi
thermal strain rate. Thus, rate dependent effects ralatively significant. For these reasons, a
thermoelastic-viscoplastic model is used to sineulae material behavior.

A simple set of constitutive equations for largegtiopic, visco-plastic deformations is the single-
scalar internal variable model proposed by Anar?].[ITwo basic features exist in the Anand model.
First, this model needs no explicit yield conditimmd no loading-unloading criterion. Second, thadei
employs a single scalar as an internal variableepwesent the averaged isotropic resistance tdiplas
flow. The inelastic strain rat&" for the Anand model is defined by [19]:

p_ = S
E"=E"Qz)=¢"—

s

P =£°(Sz,) :Aexp(—sej{sinﬁig—ﬂ;

where the constitutive functiod © was proposed by Anand [22]./Evolution equationstf@ internal
variable z are given by [19]:

®)

a
7 = ho[l— ;1} P for z<z
(6)

a
z , \
1 —1} £P for z >z

Z
;o z{«fiex{_gﬂ”
A R&

whereA,Q,é,m, z,hy,a,Z, and 7 are constants of the Anand model, aRds the Boltzman's constant.

The material constants for the Anand model, whiehused in the present work, are listed in Table 1.
The stiffness matrix corresponding to mechanidalot$, K [] (equation (2-4)), consists of

linear,K E and nonlineaK R“_, stiffness matrixes. The linear and nonlineafretds matrixes are defined

by [19]

7= ‘ho[

with the criterion number

KD = HBEJtéBEdV
VO
n _ [ n ]t" n (7)
KR = [[BR ) TBRLav
VO
where B[' and BY, are the linear and nonlinear strain displacemespectively, T is the matrix
representation of the second Piola-Kirchoff strass,C iaﬁllhe consistent or algorithmic tangent modulus

which has to be defined for each material modelhas[ — ] contribution to the global stiffness matrix
[19]. In order to obtai, residual functions are expresg%d in the forml6f [

n+l
™ o
K ®)

F(S,2) =S™; - s™ +2au4£P1™Y,

G(S,z =z, -2"-Atz=0
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where *S™is the elastic deviator art],, is the Mises equivalent stress equal(312)1/2||q| with the
natural norm defined bjg| = (S: s)v2.

The Newton-Raphson method is used to solve resiegahtions and is found to 188! and 2**

simultaneously. Then by using the updated totaksttensor (Eq. (2-9)) the consistent tangent nusdsl
updated:

TM =gm +%Qtr*T”+1 )
where’ T™ is elastic predictor anglis[L 1 1 0 0 0J19].

Table 1. Constants of Anand's viscoplastic modettfe selected material [7]

Parameter Value Unit Represent:
z 102.7 Mpa Initial value of
deformation resistance
QR 31235 KJ/mole Activation energy
8.314 KJ/mole’K Universalgascontent
A 6.346ell Set Pre-exponential factor
é 3.25 Dimensionless Multiplier of stress
m 0.1956 Dimensionless Strain rate sensitivity
of stress
ho 3093.1 MPa Hardening/softening
constant
Z 125.1 MPe Coefficient for
deformation resistance
saturation value
n .06869 Dimensionless Strain rate sensitivity
of saturation value
a 15 Dimensionless Strain rate sensitivity
of hardening/softening

¢) Thermal model

Because of the small size of the melted regiondvpelol), the variation of temperature through the
pool has a negligible effect:on the thermal histairghe joining plates. In other words, the tempae of
the welding pool is assumed to be uniform and ienaas the melting temperature of the welded
materials. Due to this assumption, in this work #re power and its movement were modeled by
assuming that the welded region is an isothermétieshg@ool having a constant temperature and logatio
that discretely changes with respect to time. Ia Way, the length of each welded layer, or eaclied
block, is divided into a number of parts and, adowy to the welding sequence, the location of tiedted
pool is changed with respect to time. The appliedtfis then injected into the weldments in the mgvi
weld pool and transferred from its boundary todtieer regions by conducting through the solid naler
and convection to the surroundings. For a shore tdaring welding, the welded region remains red-
colored and a portion of the heat is also dissipateradiation. In comparison to the two other nsodé
heat transfer, the part of the arc power transfiebseradiation is small [21], so the effect of thiede of
heat transfer is neglected in this study.

Welding time in this work is calculated by dividinge welder speed obtained from the practical
welding characteristic data over the length ofwetded region. The welding lag, inter-pass tempeeat
and the temperature dependent thermal propertiéiseomaterial were also incorporated into the model
(Table 2).
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Table 2. Variation of material thermal and mechahiproperties with temperature [7]

Temperature, T Thermal . Coeff. of thermal Young's
o conductivity, k Specific heat, G, expansion (18'/C) modu?us
(O WmK?) (Jkg'K™) E(GPa)
0 51.€ 45C 10 20C
75 - 48€ - -
10C 51.1 - 11 20C
17t - 51¢ - -
20C 49 - 11.t 20C
22¢ - 532 - -
27¢% - 557 - -
30C 46.1 - 12 20C
32t - 574 - -
37¢ - 59¢ - -
40C 42.7 - - -
45C - - 13 15C
47E - 662 - -
50C 39.4 - - -
55C - - 14 11C
57¢ - 74¢ - -
60C 35.€ - 14 88
675 - 84¢€ - -
70C 31.€ - - -
72% - 1432 14 2C
775 - 95C - -
80C 26 - 14 2C
100C 27.2 - 14. 11
120C - - 15 2
150C 29.7 40C 15 .2

d) Element birth technique

If material is added to (or removed from) a systeertain elements in the model may become
"existent" (or "nonexistent"). The element birtrdaseath options can be used to deactivate or vedeti
selected elements in such cases. To achievelgraent death" effect, material properties are fietliby
the program. In like manner, when elements arert'hdahey are reactivated by attributing normal eslu
to their properties.

In this work, the weld elements in front of the dialre always kept inactive until the front bordér o
the heat source:enters the element in the thermaysis. The element is activated at melting point
temperature in the thermal analysis. In the medahranalysis the elements are kept inactive uhal t
front border of the heat source has passed theiveaelement by about one element length. In this
analysis, the element is activated with very sofopprties (material property at melting point
temperature).

e) Model validation

To confirm the accuracy of the present method, exigpen was constructed using multi-pass butt-
welding with a length, width and thickness of L=3@mW=100mm, t=4.5 mm, respectively. Pass
sequences and welding speed are shown in Tablig@®.eFL portrays the distribution of the longitualin
residual stress on the plate. Based on the propose®l, Chang and Teng [23] provided experimental
results for this test-case. The results of thegmtesl method are in good agreement in comparistn wi
the experimental data.
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Table 3. Welding speed for each pass [23]

Pass Nc 1 2 3
Speed (mm/s) 1 0.75 0.55

=L

Fig. 1. Comparison between the longitudinal redidtrass distribution of the
present method and experimental data of [23]

3. COMPUTATIONAL MODEL

On the basis of industrial consultation, a circydath is selected to study the effect of differents of
welding sequences on the thermo-mechanical respafng®ldments. Industrial observation shows that
the use of a layered (built-up) method is sometiomgofitable in large circular paths joints, amdok
growth is sometimes seen near the weld seam [4lh& use of other welding sequences is desirable t
overcome this difficulty. Therefore, in this studie junction of a pipe to a spherical cap (theutar
section of sphere) is modeled using different wejdiequences.

Figure 2 illustrates a pipe. and.a spherical cafl ghiated by butt-weld. The thickness and inner
diameter of the pipe and spherical section arenasguo be 12, 203.2, and 4000 mm, respectively. The
mechanical properties are dependent on the tenuperhistory as listed in Table 1. This model (Y.
was constructed by approximately 15000 elements. Sike of the elements in the regions with high
temperature gradients was chosen to be small, idedimension of other elements increases as the
distance from the joint centerline increases.

b: top view

a; front view

Fig. 2. Finite element mesh of pipe, spherical cap and Wwead

Various types of sequences are developed suchilasipublock, back step and cascade sequence 3Fig.
As Fig. 3 shows, three different sequences cansbd to weld thick plates. One of them is callediltbu
up”. In this method the thickness of the grove idagd into a number of divisions and each part is
subdivided further in the transverse direction (Fg). Then each part is welded along the entirkel we
length on the base of a suitable order.
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If the length of the weld seam is divided into amer of divisions and each division (with a
convenient order) is completely welded based orflihéd-up" method, the weld-type is known as "ioc
sequence" (Fig. 4b).

In the cascade method, the length and thicknedheofweld seam are divided into a number of
divisions such as the block method. The weldingtasted from the first block and the first layertbé
first block is welded. The second layer is compasieithe second layer of the first block and thetfiayer
of the second block. Thé%3ayer is made of the '8 layer of the first block, the"2layer of the second
block and the first layer of the"3block. After filling each block, a similar procesucontinues with the
next block. This procedure is shown in Table 4tharthree first layers and the three first blodkig.(4d).

Table 4. Cascade procedure for the 3 first layedsthe 3 first blocks

No. pas 1 2 3
No. block/No. laye 11 1/2 and 2/ 1/3'and 2/2 and 3

Three different kinds of welding sequences, i.eck) built-up and cascade sequences are usedsin thi
work. With using the “lump pass” technique [8] theilt-up sequences are simplified as a layer method
Figure 4 depicts how the joint was welded by thesguences in this research. Two different block
sequences are proposed. In the first type, aftaptaiing the first block, the model was permitteccool
down to near ambient temperature, and the secarg blas then welded (This is called sequentiallbloc
cooling). In the second, after completing the fintstck,.the second block was immediately weldedq{T$h
called the continuous block method).

[ |
i i

ek

Te-I C. BUILT-UF SEQUENCE
d. BACKSTEP SEQUENCE

UNWELDED SPACES FILLED AFTER DEPOSITION
OF INTERMITTENT BLQCKS ~

B S g T i R

H
d. CASCADE SEQUENCE

b. BLOCK SEQUENCE

Fig..3. Some different kind of welding sequences [2

pass 3

‘\ pass 3
pass pass 2
=
pass 2
\‘\\ block 1 block = T
pass 1 pass 1
a) layered pass 1 b) block
pass 3 \\\ -
_’__,_«-""" pass B
. e
pass 2 e 0y e
/ pass <4
o) eascade
pass 1

Fig. 4. Welded method according to industrial cdtasu

4. RESULTS

The temperature profile of points near the welddoeatly depends on the position of the points taed

kind of welding sequences. Moreover, the fluctuatal the temperatures, the value of the maximum
temperature and its time of reach can be quiteedifft as the welding sequences change. For example,
Fig. 5 reveals that the cascade method, in congrangth the layered method, experiences a lower
fluctuation of temperature over a longer time angnaaller value of the maximum temperature at the
starting point of welding. Figure 6 illustratestiae cascade method does not show any fluctuatitim
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respect to the continuous block method in the d&free line with respect to the starting point fod t
welding; though some similarities can be seen mespaths (Fig. 7).

S 4000 00 SoD 40D SOoD e000 OO0 00D 5600 15000
tirneds)

Fig. 5. Comparison between temperature historyaetade andlayered

methods in starting point of welding

00 T T T T T T T T T
--emmes - cOMHNUoUS block
=0k z cascade 4

a 1C|ID:| EEIDD EDID:! 4IIIIZ|D SDIED ECIED ?DIED BEIDD EUIED 10000
tIrErS)
Fig. 6. Large differences can be seen between tertye histories of continuous block and cascade
methods in 18@egree line with respect to the starting point efding

=50 T T T T T T T T T

A0 fif o layversd .
---Cc3a@scade

=0k _ controous bock ]

=) 1000 2000 000 4000 SO00  S000 7000 S000 o000 10000
tirnes)

Fig. 7. Comparison between temperature historiemstade, layered and continuous block
methods in 27@egree line with respect to starting point of weddi

Temperature history greatly affects the stressohyis Figure 8 illustrates the temperature andsstre
variation with respect to time for a point on thherical cap near the weld toe for cascade andddye
methods. As this figure reveals, the magnitudetidss decreases with decreasing the temperature and
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vise versa. At the end of fluctuations, 200 secdmefere the start of the cooling stage of the asca
method, the cooling stage of the layered methodstaated. So, the stress at the time of the stppaint

of the cascade cooling stage is more negativeHercascade method than the layered. Therefore, the
stress of the cascade method starts to increasel@@®. On the other hand, the rate of increasiress is

the same for both methods and they will reach blestaalue of stress at the same time (4500s) and
temperatur@0°C). This behavior results in minimizirige transverse stress of the cascade méhgpads).

Similar discussions can be given when comparingeh®erature and stress history of a continuous
block with the layered method and cascade witlctminuous block method.

Contrary to the cascade, layered, and continuoaskbhethods, the graphs of the sequential block
cooling method reveals the fact that when eachkbhos completely welded (after welding each black,
was permitted to be cooled), symmetrical pointshwespect to the pipe-axis, have similar symmairic
behavior regarding the start time of the secondlb(Big. 9).

Fig. 8a: Position.of considered point

400 L T T T T

=300

200

w
[w i
= 100 .
S i
e
a -
/ Terrp. of cascade
i / —- — Stress of cascade
00k L 'II: } g ———— Termp. of layersd _
JE ;J| / --------- Stress of layered
_QDD 1 1 1 1 1
a 1000 2000 =0aa 4000 S000 S000
tirme(s)

Fig. 8b: Comparison between temperature and stiss®y for cascade and layered method.

The magnitude of produced residual stresses, afigpleting the first block at sequential block
cooling, is lower than the generated residual seesifter finishing the welding at the other threxthods
(layered, cascade and continuous block) becausessfwelding [12]. When the second block is started
renewed heating of the cooled zone decreases tt&sas$, and after completing the second block, the
stresses do not grow more than their initial vdlueich are produced after cooling the first blogk}the
first half of the joint. The value of transverseesses (perpendicular to weld seam) are comparédtle
5 for a particular point for different kinds of wihg sequences. The stress history of this pointbz
seen in Figs. 8 and 10 for layered, cascade angsggl block cooling methods.
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270 degree fine -

Fig. 9a. Position of considered lines

m} p=n ] 000 |=n =} [=u um] 10000 12000

Fig. 9b: Comparison of temperature distributionsusrtime relating to starting
point of welding in‘'sequential block cooling method

Table 5. Comparison between final residual streasagarticular point for different kinds of seques

Welding Sequential block cooling Layered | Cascade Continuous
seguence finishing of.first block / second block block
Stress(MPa) 200 201.3 311 300 299

Obviously, the cooling stage between the two blazkthe sequential block cooling method leads to a
noticeable decrease of stress; especially in theHalf of the joint (Fig. 8,10 and Table 5).

Figure 11 depicts the pattern of circumferentiedst (parallel to weld seam) at the weld T®ough
similar stress distribution can be seen for the hatves of the joint, the magnitude of stress eeldb the
second half of the welding joint is more than tirstfhalf of the welding joint; the figure shows an
increase of nearly. 25%. Initial pre-stress andrétgeiction of joint flexibility due to welding thér$t block
may cause this behavior. This trend repeats fost@rse stresses around the weld toe

The variation of stress components is comparetbiar different kinds of welding sequences near the
weld toe in Fig. 12. The position of the considepeihts is shown in Fig. 12a. On the basis of ERp,
though there is a negligible difference between rihegnitudes of produced circumferential stress by
cascade, continuous block and layered methodstheawreld toe on the spherical cap, a 5% reducton i
seen for the cascade and continuous block compargke layered method on the pipe. As Fig. 12b
shows, the difference between the stress magndfidequential block cooling and the layered metisod
significant. A comparison between the magnitudeicfumferential stress for sequential block cooling
and layered methods reveals a decrease of 35% isptierical cap and 55% at the weld toe in the foipe
the sequential block cooling method (Fig. 12b). Sehdifferences reduce when the distance from the we
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toe is increased (Fig. 12b). Similar behavior canseen in Fig. 12c that compares the variation of
transverse stresses near the weld toe for diffdieds of welding sequences, although a decrea88wf

is seen for the cascade and continuous block cadparthe layered method on the spherical cap (Fig.
12c¢).

— — Tenp.
stress

1
a =000 4000 G000 =000 10000 12000
tirnel's)

Fig. 10: Variation of temperature and‘stress vetisus of sequential block
cooling method in starting point of welding

—+— the first half of joint
—S— the second half of joint

Bstarting point of welding for second block
Wstarting point of welding for the first blick

degree

Fig. 11. Distribution of circumferential stress and the weld toe. Vertical axe
shows the ratio of stress to its maximum value

A similar discussion can be given for differenelnwith respect to the starting point of weldinggtH
tensile residual stresses near the weld toe arertarg to calculate fatigue strength or the craakag
resistance of weldments and their reduction neamtild is desirable [25, 8]. On the basis of Fij.dne
can conclude that the use of the sequential blockirg method increases the crack-grow resistande a
the fatigue strength of weldments.

Figure 13 shows the variation of stresses alondehegth of the pipe. It is seen that the difference
between stresses produced by the sequential btwaing method and the other three methods (layered,
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cascade and continuous block cooling) decreases Wigedistance from the weld toe is increased, and
increases again near the end. Thus, sequentigt btmling produces the lowest compressive streas n
the end of the pipe. Although negative stressesawgpfracture and fatigue strength, they decrehse t
stability of the structure (of course this phenooreis not important in thick weldments). Obvioudiye

risk of buckling is lower if sequential block cowngj is used to weld.

Variations of von Mises stress on the circular paEtkthe spherical cap are presented in Fig. 14s Thi
figure illustrates that the sequential block coglsequence has not only generated a symmetrigdliads
stress profile with respect to the 180 degree Ikt has the smallest value as well. As thisifiegshows,
the patterns of residual stress produced by castaglered and continuous block methods are similar.
Figure 14 also verifies that the difference betw#enmagnitudes of von Mises residual stressegases
for cascade, layered and continuous block methedsthe edge (Fig. 14b).

Figure 15 shows the final shape of the pipe in hbazontal plane. Clearly the sequential block
cooling method has generated symmetrical deformatdso, this method deforms the pipe more than
other methods.

"~ weld toe

weld toe

Fig. 12a: The position of considered lines alongesigal cap and pipe
issshown by thick black lines
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Fig. 12b. Variation of circumferential stress ntae weld toe. Vertical axis showns the ratio
of stress to maximum stress produced by layeretioddh each part
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Fig. 12c. Variation of transverse stress near talkelwoe. Vertical axis shows the ratio
of stress to maximum stress produced by layeretiodeh each part
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Fig. 15. Final shape of pipe opening for differkinids of welding sequences. The shape of pipe befod after
welding is presented by gray and black dots respeygt

5. CONCLUSION

The effect of different welding sequences (segaériiock cooling, layered and cascade, continuous

block) on residual stresses and distortions arkiated and the following conclusions can be drawn:
1- Cascade and continuous block sequence producelleismagnitude of transverse stress near the
weld toe than the layered sequence. The reducfigtress on the pipe is more than the spherical

cap.
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2- Though the magnitude of circumferential stress ésréased on the pipe when cascade or
continuous block is used instead of the layerechotktthere is no noticeable difference between
the magnitude of circumferential stresses produmgdascade, continuous block and layered
methods near the weld toe on the spherical cap.

3- The use of sequential block cooling leads to aceatile decrease of stresses near the weld toe.
The reduction of circumferential stress is morenttiee transverse stress on the spherical cap.

4- The difference between the magnitudes of stresseduped by different kinds of welding
sequences reduces with increasing distance frouh toel

5- The smallest magnitude of compressive stress peablnear the edge of the pipe and spherical
cap belongs to sequential block cooling.

Thus, due to its lowest magnitude of residual stesthe results-clearly show that the use of the

sequential block cooling sequence is better thaeramnethods (layered, continuous block and cascade
methods), though it produces more deformation.

10.
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13.
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