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Tassa diplomitydssa tutkitaan hitsausmuodonmuutoksia elementtianalyysin avulla. Hitsaus-
muodonmuutoksia pyritddn vahentdmaan Sandvikin LH621-lastaajan eturungon hitsauk-
sessa etsimalla uusia hitsausjarjestyksia, joilla hitsausmuodonmuutokset olisivat pienemmat.
Ty0ssé tutustutaan hitsausmuodonmuutostyyppeihin, niiden syntymiseen seké niiden ehkaéi-
semiseen. Tassa tyodssa hitsausmuodonmuutoksiin pyritdan vaikuttamaan juuri hitsausjarjes-

tyksen avulla, mutta muitakin tapoja niiden ehkdisemiseksi on runsaasti.

Tyon aloitusvaiheessa alkuperdinen hitsausjarjestys Kirjattiin ylds hitsaustyon aikana ja
runko mitattiin 3D-skannerin avulla kahdesti; silloitushitsauksen jalkeen ja kun runko oli
hitsattu valmiiksi. Talla varmistettiin, ettd analyysin tulokset ovat kaytto- ja vertailukelpoi-
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tetty analyysiin ollenkaan.



Saatujen tulosten perusteella voidaan todeta, ettd kyseisessd rakenteessa hitsausmuodon-
muutoksiin voidaan kylla vaikuttaa muuttamalla hitsausjarjestystd, mutta kyseisessa run-
gossa niita ei voida juurikaan pienentad alkuperdisestd suuruudestaan. Suurin syy tdhan on

hitsien epatasainen jakaantuminen kylkilevyjen ulko- ja sisépuolella.
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Welding distortions are investigated in this research. They are tend to be reduced in welding
of Sandvik’s LH621 loader’s front frame by finding new alternative welding sequences with
the help of Finite Element Method. At first, distortion types are introduced as well as their
establishing mechanism and ways to prevent them. In this research, distortions are tend to
be reduced only with finding new alternative welding sequences although there are many

other ways, too.

In the beginning of the work, the original welding sequence was registered during welding
process. The examined frame was scanned with 3D-scanner twice; first after tack welding
and secondly after welding work was done. With that, it was ensured that the results from
the analysis were fit for use. The most significant distortions were formed to the side plates
of the frame. Because of that, the model used in the analysis was simplified a lot; analysis
was run only for a half of the frame’s model and the welds at the interior of the frame were

excluded.



Based on the analyses it can be concluded that one can have an influence on welding distor-
tions in this structure by editing the welding sequence. However, they cannot be reduced
below the level they were with the original welding sequence only with editing the welding
sequence. The reason to this is that there are significantly more weld on the inner surface of

the side plates than on the outer surface.
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1 INTRODUCTION

This master’s thesis takes a look at reducing welding distortions and residual stresses in
welding of front frame of a loader with the help of Finite Element Method (FEM). Focus of
the research is on finding new alternative welding sequences, which are analyzed by FEM.
The research is produced for Sandvik Mining & Construction Oy, which manufactures un-
derground loaders and trucks for mining industry at their factory in Turku. This thesis in-
volves one of the largest loaders that they manufacture at their plant of Turku. Object of the

research, LH621 —loader is shown in figure 1.
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Figure 1. LH621 —loader (Sandvik Mining & Rock Technology, 2018).

LH621 —loader was chosen to the research because its production volume was high at the
time of the investigation and the welding deformations in its front frame were rather repeti-
tive. The software used in research was Abaqus CAE/2017. Abaqus offers also Abaqus
Welding Interface (AWI), which is a time-reducing plug-in for weld modeling. During this
research, a new plug-in AWI Pro was also introduced, but it was not available for student
licenses. It would have more versatile features for defining the heat source than original AWI
has (double ellipsoidal heat source and possibility to give exact welding parameters as volt-
age, welding current and welding speed). The software was offered by CSC IT Center for

Science, which offers student licenses for many software in engineering.
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Necessary modifications such as creation of the grooves and welds to the 3D-model and
deleting tiny and unnecessary details from the model was done in Solidworks 2017 before
importing the model into Abaqus. Measurements of the tack welded and welded frames were

done by 3D laser scanner, Creaform’s Metrascan 3D.

1.1 Research problem

The research problem in this master’s thesis is excessive welding distortions in the front
frame of LH621 —loader. Especially there have been problems with side plates of the frame,
which have been deformed by several millimeters. The distortions are harmful in assembling
and they have also caused problems in machining. The welding deformations have some-
times been so significant, that the machining allowances have not been adequate. From the
point of view of machining, one of the most important thing is that the reference surfaces of
the side plates stay undeformed. They are used in co-operation with the surfaces of the side
plates when setting the position of the frame in machining. Also, if the machined bushing
line is not perpendicular with the centerline of the frame, the lifting arm which is mounted
later can hit the other side plate instead of staying in the middle of the plates. The side plates
of the frame need to be straightened with heat after welding because the upper edges of the

plates are often bended inwards.

1.2 Research objective and defining the frames of the study

The target of the research is to find a welding sequence, which produces welding distortions
in acceptable limits. Welding distortions are linked to machining allowance sufficiency, so
the other target is to reduce problems in machining of the welded front frame. The alternative

welding sequences are investigated with the help of Abaqus.

The front frame is mainly built from structural steel S355. Therefore, material properties and
behavior during welding are presented mainly from this point of view. Welding parameters
are excluded from the research although they have significant role in formation of welding
distortions. Main reason to their excluding is that the number of time-consuming analyses
would raise too high if they were included. Also, the alternative materials are excluded as

well as phase deformations and viscoelastic behavior of the steel during welding.
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2 BACKGROUND OF WELDING DISTORTIONS

It is possible that components to be welded already include residual stresses caused by pre-
vious manufacturing phases. For example, hot rolled products may cool down differentially
at various regions of its structure. In this case the internal stress formulation is not regular
throughout the cross section. Moreover, flanging, cutting or other forming processes may
cause stresses and have an influence on the microstructure of the material nearby the formed
area. Especially flame cut components have significant residual stresses. (Lepola and
Ylikangas, 2016, p. 339)

Also welding causes irregular thermal stress to the working piece. The weld pool is small,
point-shaped or elliptical hot spot and when it moves, it causes stresses in different direc-
tions. These stresses tend to change the shape of the welded component and create welding
distortions. In welded structure, there are both residual stress and distortions. Residual stress
causes problems with durability of the structure and welding distortions causes problems

mostly in manufacturing. (Lepola and Ylikangas, 2016, p. 339)

Welding distortions have plenty of disadvantages. Rework is often required if the shape of
the welded structure has changed. There can especially be need for straightening or machin-
ing of the components if high accuracy is demanded. Sometimes machining allowances have
to be greater so that machining is still possible after welding deformations. Internal stress
weakens the static durability and fatigue strength of the welded structure. It might induce
buckling, collapsing, brittle fracture or assist stress corrosion later in use. Also the outlook

of the product may suffer from the distortions. (Lepola and Ylikangas, 2016, p. 339)

2.1 Common types of welding distortions

Welding distortions are divided into two groups of deformation. First group retains welding
deformations, which are consequence of longitudinal deformations. The second group re-
tains welding deformations formed by cross-sectional deformations. (Lepola and Ylikangas,
2016, p. 339)
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Longitudinal deformations include longitudinal shrinkage, bending and buckling. The group
of cross-sectional deformations in turn contains transverse shrinkage, twisting and angular
distortion. The grouping of welding distortions is presented in figure 2 including examples
of each deformation type. (Lepola and Ylikangas, 2016, p. 339)

Welding distortions

Cross-sectional deformations Longitudinal deformations
Tra.nsverse Twisting A.ngula.r Lon.gltudlnal Bending Buckling
shrinkage distortion shrinkage

| :

Figure 2. Common types of welding distortions (Lepola and Ylikangas, 2016, p. 339).

2.2 General stress state

General stress state can be defined with two main stress types: normal stress and shear stress.
Stresses are always inspected in sectional planes. Normal stress appears perpendicular to the
plane and shear stress appears parallel to it. General stress state in any situation can be
described with three normal stress components (ox, oy and o) and three shear stress compo-
nents (zxy, 7y: and 7zx). Normal stress can be positive (tensile stress) or negative (compressive

stress). The magnitude of normal stress ¢ can be defined as in equation 2:
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o= @)

where F is the force affecting perpendicular to cross-section of structure under inspection
and A is the area of this cross-section. Depending on which components are active in each
case, stress states can be divided into three categories. First category is axial stress state,
where only one normal stress component is active. Second category is planar stress state.
There can be one shear stress- and two normal stress components active, and they have to
influence in the same plane; for example, they can be ox, oy and 1xy. In the last category, the
state of stress can be in any position in three-dimensional coordinate system. All six stress
components can be active in the point of inspection. (Pennala, 2000, p. 15-18)

2.3 Strain
Under stress, the length of structure changes. This change is called strain ¢, which is defined

as follows:

g= 2, (3)

where Lo is the original length of the structure and L is the new length. Elastic strain can also

be defined by stress ¢ and Young’s modulus E, as seen in equation 4:

(4)

ol

In case of the most common structural materials, the strain grows elastically when the stress
grows. Elasticity means that if the stress is removed, the length of the structure returns to its
original length. This is not always the case. The strain can grow elastically only below yield
point. If the stress grows higher than yield point, plastic deformation begins in the material.
In this case, there appear both elastic and plastic strain. Even if the stress is removed the
structure will not return to its original length, because plastic strain stays in material. Figure
3 shows the strain behavior depending on the elasticity or plasticity of the material. (Pennala,
2000, p. 19-25)
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Linear elasticity Unlinear elasticity Plastic strain

: gl .

Figure 3. Connection between elasticity, stress value and strain. In the last figure, the stress

has exceeded the yield point and permanent plastic strain is formed. (Pennala, 2000, p. 21)

2.4 Heat input

The energy of welding arc is partially absorbed into welded structure where it causes com-
plicated heat transfer cycles. The energy of the arc is not completely absorbed into the struc-
ture because a part of it escapes via different heat losses. Absorbed amount of heat i.e. heat
input Q (kJ/mm) can be calculated from equation 1:

IXU
vx1000 '

Q=nx 1)
where 7 is a coefficient of thermal process efficiency, | is welding current as amperes, U
welding voltage and v is traveling speed of the welding torch (mm/s). The coefficient of
thermal process efficiency 7 can be considered as 0.8 in MAG welding. The equation exhib-
its that heat input increases if welding current and/or voltage increases and it decreases if
travel speed of the torch increases. Heat input heats the material, which properties tend to
vary with temperature. (Lukkari, 2007, p. 8; Keivani et al., 2014, p. 413)

2.5 Material properties at elevated temperatures

Mechanical and thermal properties of structural materials vary with temperature. The most
important properties varying with temperature are Young’s modulus E, yield stress Rec, ther-
mal expansion «, thermal conductivity k and specific heat c. The Young’s modulus and yield
stress of the structural steels clearly begin to decrease when the temperature rises above 300
°C. Decreasing is steady until the temperature is approximately 800 °C. After it, the decreas-
ing is more gradual. Figure 4 illustrates the temperature dependency of Young’s modulus

and yield stress of steels. (Lawson and Newman, 1990, p. 7-8)
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Figure 4. Temperature dependency of yield stress and Young’s modulus (Bhatti et al., 2015,
p. 882).

Thermal expansion is one of most important phenomenon in generation of welding distor-
tions. In thermal expansion, the length of the structure variates when temperature changes.

The change of the length Al of a structure is defined as follows:

Al = a X1 X AT, (5)

where a is coefficient of heat expansion, | is the original length and AT is the change of the
temperature. (Lepola and Ylikangas, 2016, p. 340) Coefficient of thermal expansion of steel
is slowly rising with temperature. At approximately 730 °C, the change is not as steady as at
lower temperatures because phase transformations in the material affects the volume and

density. (Lawson and Newman, 1990, p. 8)

The change of thermal conductivity by the temperature change is varying with different
steels. For example, thermal conductivity of S355 is decreasing when temperature rises from
room temperature to approximately 730 °C. In case of high strength steels, thermal conduc-
tivity can be lower at room temperature than at 730 °C. After that point, thermal conductivity
begins to increase linearly again in case of all structural steels. Specific heat of steel rises
slowly with the temperature. After approximately 720 °C, the phase transformations begin
in the material. It consumes plenty of energy, which shows as a peak in the diagram of spe-
cific heat. Diagrams of these temperature dependent material properties of steel are presented
in figure 5. (Bhatti et al., 2015, p. 880-882)
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Figure 5. Temperature dependent heat conductivity, specific heat and thermal expansion of
steel (Bhatti et al., 2015, p. 881, 882).

2.6  Establishing mechanism of welding distortions

The establishing mechanism of welding distortions is a multiphase chain of changes in the

material properties. Welding changes thermal and mechanical material properties and mi-

crostructure, which are coupled together as seen in figure 6. (Goldak and Akhlangi, 2005, p.

9-10)
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Figure 6. Coupling of thermal and mechanical material properties and microstructure
(Goldak and Akhlangi, 2005, p. 10).

Explanation of the coupling in figure 6:

1.
2.

Microstructural changes in material appear at high temperatures.

Phase transformations have their latent heats. They act as heat sinks when the mate-
rial is heating up and as heat sources when the material is cooling down.

Phase transformation changes the volume of the material. Moreover, every phase has
different elastic and plastic properties.

Mechanical deformation and stress states in material affect to the new microstructure
formation.

Thermal expansion affects linearly to the dimensions of the part and creates stresses.
Stress generates deformation and this deformation generates heat into the material.
(Goldak and Akhlangi, 2005, p. 10)

Thermal expansion appears in material when the temperature rises. Moreover, the strength

of the material begins to decrease so that when the temperature reaches approximately 1000

°C, the strength properties of the material are almost disappeared. In welding, the raise of

the temperature is localized to a small area. This causes an irregular temperature field to the

structure and thermal expansion is stronger in welded area and its neighborhood than further

from it. The strength properties are greater in surrounding, colder material, which tends to
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counteract the deformations caused by thermal expansion. Compression stress in the weld
and its neighborhood upsets the material. (Lepola and Ylikangas, 2016, p. 340-341)

Once the weld starts to cool down, thermal contraction begins. Because the weld material
and its neighborhood has upset, this area tends to contract into smaller dimension than it was
before welding. Ambient, cooler material has still its strength properties greater than in weld
and tends to prevent this shrinkage, too. Tensile stress forms in the weld and its neighbor-
hood. (Lepola and Ylikangas, 2016, p. 340-341)

Tensile stress appears especially in the longitudinal direction of the weld, which can produce
buckling especially with thin material thickness if fastening of the working piece is inade-
quate or geometry of the plate is unfavorable. Longitudinal tensile stress can lead into bend-
ing if the weld are located outside the neutral axis of the structure (The Welding Institute,
2011). Longitudinal tensile stress along the weld causes usually cross-sectional compression
stress along the weld, but mostly at the ends of the weld. The magnitude of these stresses
depends from the heat input, welding process and —position, plainness of the heat removal
from the structure, quantity of weld beads, geometry of the groove and stiffness of the

welded component. (Lepola and Ylikangas, 2016, p. 342)

The main types of cross-sectional welding distortions are angular distortion, transversal
shrinkage and twisting. In angular distortion, there is stronger tensile stress near the top sur-
face than in the middle and the bottom of the weld. This produces a differential stress profile
throughout the cross-section of the weld bead, which tends to form angular distortion. The
shape of the groove has its effect on angular distortion, too. With wedge-shaped grooves,
the molten weld tends to shrink more at its surface, where the weld material is wider. Angular
distortion is a common problem especially in multi-run-welded butt joints. In transverse
shrinkage, shrinking weld is shortening the structure along the cross-section of the weld.
Transverse shrinking can also move fillet welded plates compared each other yet their posi-
tion stays invariant. In twisting, there appears “unequal longitudinal thermal expansion of
the abutting edges” (The Welding Institute, 2011). (Lepola and Ylikangas, 2016, p. 342—
343)
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2.7 Prevention of welding distortions

Welding distortions can be prevented and controlled by many different ways. Planning of

the structure, choosing the right welding process, planning the welding work and the work-

ing phases before welding are usual tools to prevent distortions. The most common proce-

dures to prevent each distortion type are presented in table 1. (Lepola and Ylikangas, 2016,

p. 343-344)

Table 1. Prevention procedure of welding distortions (Feng, 2005, p. 318-139; Lepola and
Ylikangas, 2016, p. 343-344; The Welding Institute, 2011).

Distortion type

Prevention procedures

Transversal shrinkage

Reducing heat input, limiting the effective throat thickness in
fillet welds, usage of clamps, groove choice; preferably X-
shaped groove, two-sided welding, shortening of tack welds,
step-back welding, narrowing the air gap, increasing the stiff-

ness of the structure

Twisting

Reducing heat input, inserting all the tack welds before actual
welding, increasing the number of tack welds, usage of

clamps and supports

Angular distortion

Reducing heat input, limiting the effective throat thickness in
fillet welds, limiting the number of weld beads, intermittent
welding, pre-bending and positioning, pre-tensioning, usage

of clamps

Longitudinal shrinkage

Reducing heat input, increasing the number of weld beads,
intermittent welding, reduction the amount of tack welds and
setting their welding direction from the edges towards the
center of the weld, inserting the weld as close to the neutral

axis of the structure as possible, changing welding sequence

Bending Reducing heat input, setting the welds equally to the neutral
axis of the structure
Buckling Reducing heat input, pre-tensioning the structure with heat,

usage of clamps and increasing the stiffness of the structure
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2.8 Measured welding distortions in the frame with the original welding sequence

Welding distortions were measured with Creaform’s MetraScan 3D-laser scanner. With it,
it’s possible to measure objects which volume is max. 16.6 m®, so it is adequate to this target.
Measuring accuracy is adjustable but can reach resolution of 0.122 mm. (Creaform, 2018)

Measuring of welding distortion is divided into three phases:

1. Scanning tack welded frame
2. Scanning finish welded frame

3. Comparing the results from previous phases

The results of measurements were loaded into PolyWorks sofware for comparison. The re-
sult of a laser scanning consists from a vast number of measured points and looks like a 3D
model of the frame. These points from both measurements are set one on the other and the
difference between measurements (welding distortions) are illustrated by color mapping as
seen in figure 7. User can also pick any point from the model, and the difference between

measurements in that point is shown in millimeters in its own box.

One can see from the picture 7 that the most significant distortions have formed into the side
plates of the frame. The largest difference between tack welded and finish welded frame is
about 6 millimeters. The distortion values are represented as resultant vectors so they do not
tell the direction of the welding distortion. However, it was ensured that most of the distor-
tions formed parallel to side plate’s normal and this resultant vector represents distortions in
that direction well enough. Both side plates tend to pull inwards during welding. The coor-
dinates of the analyzed model were set so that this direction is y-direction. Grey areas in the
picture represent areas of the frame, which were measured only in the other scanning so they
have no data to be compared. The schedule of scanning the tack welded frame was a bit tight

and that’s why the left side (upper picture) is defectively measured.
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P

Figure 7. Measured welding distortions along the frame (all dimensions in mm).
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3 ANALYSIS OF WELDING DEFORMATIONS BY FEM

This chapter introduces details, which are important to know about welding analyses in
Computer Aided Engineering (CAE) -software. Different FEMs for predicting deformations
are discussed first. After it, focus moves onto weld modelling by different methods of ele-
ment activation, from there to heat source modelling and heat removal from the part, mesh-
ing of the part, constraints of the computational model and in the end, the analyzed cases
with alternative welding sequences are introduced. In this chapter, it’s also took an insight
to methods that were not used in the analysis of this work but are considerable alternative

ways to execute analysis in similar cases.

3.1 Thermal elastic-plastic method and inherent strain method

Predicting welding deformations can be divided into three main categories: experimental
formulas, thermal elastic-plastic finite element method and inherent strain finite element
method. Experimental formulas are usable only for rather simple structures and weldments,
so they are not investigated in this research. Welding distortions are always a result of non-
linear behavior of the base material and weld material. However, in some cases the analysis
can be executed as linear analysis to save computing time. (Jun-mei et al., 2005; Pillinger,
1992, p. 225)

3.1.1 Thermal elastic-plastic method

Thermal elastic-plastic FEM is an accurate method for predicting distortions and residual
stress. It simulates welding process itself and physical phenomenon occurred during it. If
large deformations are not expectable, material properties can be assumed to be linear during
every small step of analysis. This method is very time consuming and it’s usual that some
simplifications are used in this method. However, the most accurate results are reached when
no simplifications are used and the heat source is simulated to move along the weld as in

real welding process. (Kim, Kang and Chung, 2015)

This method is used in this work due to its accuracy in complex structures although it’s
known that analysis will take remarkable amount of computing time. To reduce computing

time, some of the material properties are described constant instead of nonlinear properties.
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3.1.2 Inherent strain method

Inherent strain method approaches deformations from the point of view of internal strains,
according to its name. The method is developed to an efficient method to calculate the weld-
ing distortions even in case of complex structures, but it’s not as accurate as elastic-plastic
method. Efficiency of this method compared to elastic-plastic method is based on usage of
linear analysis instead of nonlinearity. Inherent strain method has plenty of applications
adapted to different objects. (Deng, Murakawa and Ma, 2012; Park et al., 2014; Lee, Seo
and Chung, 2018)

In this method, inherent strains are divided into two categories: ineffective strains and effec-
tive strains. The method is interested in these effective strains, which induce residual stress
and deformation. Deformations can be calculated from these strains. Murakawa, Luo and
Koide have expressed equations, which are used to solve the deformations during analysis.
(Park et al., 2014; Murakawa, Luo and Koide, 1998, p. 61-65)

3.2 Simplifications and structural editions in 3D -model

Almost all of the editions of 3D-model of the front frame were done in Solidworks 2017
Education Edition. The original model didn’t include neither welds or weld grooves so they
were added to the original model. Convex shapes of the weld reinforcements were simplified
to planar surfaces in order to keep the geometry as simple as possible so that meshing of the
part in Abaqus was easier and didn’t demand unreasonable amount of elements. For the same
reason, all the tiny air gaps between parts of the frame’s model, were removed. Also, small
holes in the frame’s plates were filled. Tiny details increase the mesh density locally, which
is not desirable. There are few subassemblies in the frame, which components are already
welded before finish welding. Each of these subassemblies were joined into one solid part

in the model.

When those phases mentioned above, were completed, the model was imported into Abaqus,
where welds were splitted into beads. Splitting was done in Abaqus due to its user-friendlier

tool for partitioning. Simplified model of the whole front frame is shown in figure 8.
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Figure 8. Simplified model of the front frame.

It was noticed, that most of the welding distortions appear in the side plates, so only welds
having a contact with side plates were included to the analysis. Another important simplifi-
cation was that the model was splitted into two halves due to its symmetry. It was determined
that both sides should be welded symmetrically so this simplification doesn’t make signifi-
cant inaccuracy to the analyses. With this, it was possible to reduce computing time of each
analysis by 50 %. The cutting plane was locked completely in y-direction (normal to the
cutting plane) in analyses. It was estimated that the stiffness of the frame is so high that this
boundary condition represents well enough the other side of the model and hence doesn’t

make the analysis inaccurate.

Original welding sequence was not equal in both side plates, so two analyses were executed
from the original sequence, one for both sides. Modified welding sequences determined to
be equal in both side plates, so only one analysis was necessary when they were analyzed.

The two sides of the model are shown in figure 9.
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Figure 9. Splitted sides of the model.

3.3  Weld modelling

The geometry of the structure alternates continuously during welding because filler material
is added into the grooves. Weld affects in stiffness of the structure and the heat convection
in the base material near the weld. This inserting of the weld material must be noticed in
order to produce realistic and reliable welding analysis. Casually there is two methods for
laying weld beads down during welding analysis, silent element method and inactive element
method. (Lindgren and Hedblom, 2001, p. 647-649)

3.3.1 Silent element method

In this method, the elements in every weld, also in the welds, which are not laid down yet,
are included and active in the model almost all the time from the beginning of the analysis
until its end. The material properties of those elements mentioned last, are made as passive
as possible to avoid their effect to the rest of the model. Main ways to make them passive
are to decrease their heat conductivity and stiffness. Nevertheless, these properties shouldn’t
be given a value too low, because it may produce invalid matrix of stiffness. It may require
a few test simulations to find appropriate values. (Lindgren, Runnemalm and Nasstrém,
1999, p. 1308)

When a weld bead is laid down, the corresponding elements including strain and stress are

first deleted from the model and then reinserted strain-freely with normal material properties.
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This is done with quick model change step between weld passes. This method has two ad-
vantages. First one is that the passive elements of the welds move and adapt with the struc-
ture during earlier weld passes so that their shape and dimensions are suitable when inserted
to the model. Second advantage is the suitability of this method to most of the CAEs. (Lind-
gren, Runnemalm and Né&sstrom, 1999, p. 1308-1309)

3.3.2 Inactive element method

In inactive element method, the elements of the welds are created during simulation step by
step. In the beginning, all of the weld beads and their elements are deleted from the compu-
tational model. Corresponding elements of each weld bead are then created again and rein-
serted into the model strain-freely within the weld pass in which the bead is laid down. The
locations and positions of all weld elements are defined on the original geometry of the
structure but the geometry deforms during every weld pass. This is why the data of the ge-
ometry requires restructuring after every weld pass. The elements, which are not created yet,
are inactive and don’t deform with earlier welding deformations. This may lead into inaccu-
rate results if the deformation is significant, because the dimensions of the elements are dis-

torted when inserted into the model. (Lindgren, Runnemalm and Né&sstrom, 1999, p. 1309)

Silent element method and inactive element method are both functioning methods for mod-
elling welds in finite element analysis. Lindgren, Runnemalm and Nasstrom have distin-
guished that both approaches can give very similar results. However, due to their research it
seems that inactive element method may produce more accurate results and computing time
is reduced by 5 % compared to silent element method. (Lindgren, Runnemalm and Nasstrom,
1999, p. 1314) Inactive element method was used in this work because it seemed to produce
more accurate results in analysis of a test welded part. Test welding and model calibration

are discussed more in chapter 3.9.

3.4 Heat transfer in welds

To get accurate results in simulation of welding distortions, it is necessary to know the heat
cycle in the material during welding. Most important parts of the heat cycle, from the point
of view of welding distortions, are holding time in high temperatures and cooling time be-
tween 800 °C and 500 °C. The microstructure in the weld and heat affected zone (HAZ) are

determined during this cooling interval. Another important cooling interval is between 400
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°C and 150 °C. This interval has its effect on hydrogen diffusion and cold cracking, but this
is not discussed more in this work, because the focus is on distortions. (Goldak, Chakravarti
and Bibby, 1984, p. 299)

3.4.1 Heat source modelling

Many alternative options have been tested for modeling the heat source of arc welding. First
suggestions were point-shaped and line-shaped, but the infinity of power density became a
problem with them. Goldak, Chakvarati and Bibby introduced a double ellipsoidal heat
source model in 1983, which is commonly used and accurate option for modelling heat
source in arc welding. The picture of it is shown in figure 10. (Goldak and Akhlangi, 2005,
p. 22-32; Goldak, Chakravarti and Bibby, 1984, p. 299-300)

q = fix,y.2)

Front half ellipsoid

Rear half ellipsoid

Figure 10. Double ellipsoidal heat source model (Jia et al., 2014).

To calculate the power density g at the time t in front quadrants of this model, one can use

equation 6:

6V3f£Q o—3x2/a? 5 =3y%/b? o, =3[z+v(t-)]?/c? (6)

Q(x' Y,z t) - abcmT

Respectively, the power density in rear quadrants is defined as follows:

6v3£Q e—3x2/a2e—3y2/b2e—3[z+v(r—t)]2/c2. )

q(x' Y,z t) - abcmyT
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In equations 6 and 7, Q is energy input rate from the arc, a, b and c are width, depth and
length of the front and rear quadrants. In turn, v is the speed of the heat source i.e. welding
speed and 7 is a lag factor, which defines the position of the heat source in the beginning.
Fractions f; and fr are used to define the power distribution between front and rear quadrants
of the heat source model. Because the power distribution is supposed to be continuous
throughout the model, these fractions need to fulfill the equation 8. (Goldak and Akhlangi,
2005, p. 28-32)

frt =2 (8)

Moving, realistic double elliptical heat source produces the most accurate simulation results,
but its disadvantage is poor computing efficiency. With large models, using this heat source
model may be unnecessarily time-consuming. If computing time needs to be reduced, some
simplifications may be considerable. Common way to simplify the heat source is to bring
the heat to whole weld bead at the time. (Pu et al., 2017, p. 2215-2216)

Instantaneous heat source model can achieve high accuracy in prediction of residual stress.
However, accuracy in prediction of welding distortions is not as good as when moving heat
source is used. Despite this, instantaneous heat source model is used in this work, because it
is shown, that it can save approximately 50 % computing time compared to moving heat
source when the same mesh density was used. (Pu et al., 2017, p. 2225) When instantaneous
heat source is used in Abaqus, the heat source is simulated by adding prescribed temperature
into elements corresponding to weld bead laid down. The heat input can be adjusted by
changing the length of heating period and if wanted, by changing the holding time at the
highest temperature. (Dassault Systemes SIMULIA Corporation Inc., 2014, p. 5)

3.4.2 Heat flux inside the structure and heat removal from the structure

If arbitrary point of a metallic part is heated, temperature all over its volume begins to rise.
Temperature rises more quickly near the heat source. This heat conduction is based on vi-
bration and collisions of neighboring molecules in the structure. Molecular activity is greater
at the point of heat source, and chain reaction of molecules establish heat flow towards cooler
areas in the part. Naturally, heat flow goes always from higher temperature to lower. That

means also, that if the temperature is higher inside the structure than on its surface, the heat
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flux is towards its surface. Heat flux gx can be calculated from Fourier’s law, which is pre-
sented in equation 9: (Jiji, 2006, p. 3-4)

— _1A%T
qx = kAdx. 9)

In this equation, k is thermal conductivity of the material, i.e. film coefficient, A is the area
through which the flux flows, dT is the temperature difference over the heat flux and dx is
the distance over the heat flux calculated. (Jiji, 2006, p. 3-4)

The heat escapes by radiation from structure’s surfaces. The energy of radiation depends on
geometry of the structure, area of the surfaces, emissivity of the surfaces and absorptivity of
surrounding surfaces. The calculation of heat exchange between two surfaces is often com-
plex because the absorptivity of surrounding surface is only a fraction of the emissivity of
the original surface. Stefan-Boltzmann law describes heat exchange gx in case of gray sur-

face, where emissivity and absorptivity are equal:
qx = EO-sbAl(Tl4 - T24) (10)

In this equation, ¢ is emissivity, osb is Stefan-Boltzmann’s constant, Az is the area through
which the heat exchange is calculated, T1and T are absolute temperatures of radiative sur-

face and surrounding surface. (Jiji, 2006, p. 8; Keinanen and Oberg, 1989, p. 12—-13)

3.5 Material model

As told in chapter 2.5, most of the material properties have nonlinear behavior with alterna-
tive temperature. This nonlinearity has to be described in the material model used in analysis.
In the material model definition, properties are given alternative values at corresponding
temperatures from room temperature to melting temperature. The more values are given, the
more accurate are the results. On the other hand, some properties vary less with temperature
and can be expressed as constants in the material model. Usually density of the material,
thermal conductivity, Poisson’s ratio and specific heat are properties which can be consid-
ered as constants (Bhatti et al., 2015, p. 881-882). To keep computing times reasonable, one
needs to consider which material properties are included into material model. Properties in-

cluded to the material model of this work were density, elastic behavior (Young’s modulus
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and Poisson’s ratio), thermal expansion, plastic behavior (yield stress with different plastic

strain values), specific heat and heat conductivity.

In the material model of this work, nonlinear material properties were the same as in Bhatti
et. al.’s (2015, p. 880-883) research. However, they didn’t inform the relationship between
stress and plastic strain at different temperatures. Stress - plastic strain -relationship used in
this work was the same than in Helander’s master’s thesis (Helander, 2009, p. 41-42). In
this material model, the stress was given values with zero plastic strain and with strain level
of 0.06 at different temperatures. The stress was determined to grow linearly from the value
corresponding to zero strain to 10 MPa greater value, where plastic strain value was 0.06.
This means that the material model is almost ideal elastoplastic. The whole material model
is presented in appendix 1 with physical constants and predefined fields used in analysis.

3.6 Coupled and uncoupled analysis

Thermal stress analysis is possible to execute as coupled or uncoupled analysis. In coupled
analysis, only one analysis is executed, where both thermal and mechanical solution is solved
simultaneously. In uncoupled analysis in turn, two separate analysis are executed. This
means that thermal analysis is solved first and stress analysis based on the data from thermal
analysis is executed after it. This method needs a few simplifications. At first, it’s assumed
that deformations and stress states do not affect to the thermal solution by relieving or con-
suming the heat energy. In reality, there is a slight coupling between them. Another simpli-
fication is that the deformations in the structure are so insignificant that they do not affect to
heat conduction in the structure. (Brischetto and Carrera, 2010, p. 1793-1794; Eslampanah
et al., 2015, p. 343; Kollar, Kévesdi and Nézo, 2017, p. 99) When AWI is used in Abaqus,

the welding analysis is executed as uncoupled analysis.

3.7 Boundary conditions

Thermal boundary conditions are determined by equations 9 (convective heat transfer) and
10 (radiative heat transfer) which were introduced in chapter 3.4.2. When defining film prop-
erties i.e. convective heat transfer boundary conditions, AWI asks film coefficient and sink
temperature, which is the temperature of the base material before welding. To define the

boundary conditions of radiative heat transfer, AWI asks the emissivity of the material and
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ambient temperature, which means the initial temperature of the model’s environment. Used

thermal boundary conditions are defined in table 2.

Table 2. Thermal boundary conditions

Convective heat transfer Radiative heat transfer
Film coefficient Sink temperature Emissivity Ambient tempera-
ture
0.025 21.1 0.75 21.1

Due to advice of my supervisor, mechanical boundary conditions were fulfilled with adapted
3-2-1 rule of mechanical constrains. The idea of 3-2-1 —rule is to pick three points from the
model. These points form a plane. Displacements of all three points are locked in one direc-
tion (for example x-direction). Then another direction (for example y-direction) of displace-
ment is locked from two of these three points. The last point’s displacement is then locked
in the last direction (z-direction). With this method, rotation and displacement can be locked
with minimum amount of restraints and deformation during welding is not excessively lim-
ited by constraints. The adaption of this rule means that the entire cutting plane of the model
was locked in y-direction as it was represented in chapter 3.2. Otherwise, the rule was ob-
tained. Locking the whole cutting plane in y-direction gives the model less capability to
deform, but this was determined to be acceptable because the welds included to the analyses
were far away from this plane. Used boundary constraints based on 3-2-1 —rule are shown
in figure 11. (Cugnoni, 2009, p. 6-7)
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Figure 11. 3-2-1 rule -based mechanical constraints

3.8 Meshing of the part

Mesh density has a significant effect on accuracy of the analysis and computing times. If the
mesh is too dense, computing times grow unnecessarily long, although the accuracy of the
results are good. On the other hand, if the mesh is coarse, the computing time stay shorter
but accuracy of the results may suffer. To keep balance between these two situations, the
most reasonable way to produce a mesh in welding analysis is to create dense mesh to welds
and their neighborhood, where strong stress states and plastic behavior of material are ex-
pected. Coarser mesh is acceptable further from the welds. (Manurung et al., 2013; Pu et al.,
2017, p. 1217-1218)

This was the procedure used in creating mesh on the model. Ready mesh is presented in
figure 12 where one can see the difference between fine mesh near the welds and coarse

mesh further in the base material.
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Figure 12. Finer and coarser mesh at different regions of the model

Different element shapes were tried during meshing of the model. At first the welds and few
regions of the base material were meshed with hex elements and the rest of the model was
meshed with tetra elements. In fine adjustment of the mesh it was noticed that mesh refine-
ment was easier when all-tetra mesh was used. Hence, all the mesh was created with tetra
elements. The total amount of elements was 166 805 in case of right half and 159 202 in case
of left half so it was clear that analysis will be heavy and time-consuming. The element type
in thermal analysis was DC3D4, which is a linear four-node heat transfer element. In stress
analysis the element type was C3D4, which is also a four-node tetrahedron but a linear 3D

stress element. The same mesh was used in both analyses.

3.9 Calibration of the parameters in finite element analysis

The parameters used in welding analysis were calibrated with welding tests. They were ex-
ecuted to three parts, which imitate a part of a real frame in a scale 1:1. They were welded
with the same welding parameters as a real frame. Approximate welding parameters are

shown in table 3.
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Table 3. Approximate welding parameters

Bead | Filler wire | Wire feed | Welding Arc Welding Heat in-
thickness speed current | voltage | speed (mm/s) put
(mm) (m/min) (A) V) (kJ/mm)
Root 1.2 13 285 335 5 1.52
pass
Fill up 1.2 15 300 34.5 4 2.07
pass
Final 1.2 16.5 340 35.5 3 3.21
pass

A welding analysis was done to a similar model with the same welding sequence. Parameters

in AWI were adjusted so that the deformations were same in reality and in welding analysis.

Specimen welded in the test and 3D-model of them are shown in figure 13. Welding se-

quence is also marked to the figure of the model. Drawing and the dimensions of the weld

test specimen are presented in appendix 2.

Figure 13. Test welded specimen for calibrating and the model of them
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Welding distortions were measured from these specimen. Most important welding distortion
type was angular distortion. It was measured simply by comparing the distances of thinner
plate’s upper and lower edges from the plane of the thicker plate’s side. Measuring procedure
is shown in figure 14. The direction of angular distortion was towards the side with bigger
weld (illustrated in figure 14). It was ensured after tack welding that there was no angular
distortion and the distance was 20 mm at both upper and lower edge. Table 4 presents the
measured values of angular distortion U.

Figure 14. Measuring of angular distortion
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Table 4. Values of angular distortion in test welded specimen.

Distortion value U (mm) at the ends and at the middle of the up-
per edge
Specimen (number) Measuring point 1 Measuring point 2 Measuring point 3
(left end) (center) (right end)
1 3.4 3.9 3.7
2 3.9 3.8 3.8
3 0.4 0.8 0.7
Average 2.7
Average of 1 and 2 3.8

As one can see, the angular distortion was significantly smaller in the third specimen. The
reason to this was that the first weld bead, which should be a flat faced weld, was more like
fillet weld and had greater capability to prevent angular distortion formed by that bigger
weld welded after it. Hence, parameters were calibrated to correspond the average distortion
of specimen 1 and 2. In the analysis of the test welds, displacements were investigated at
same areas as they were measured in the real specimen; at both ends and at the middle of the
upper edge. In Abaqus, it is possible to plot the displacement of arbitrary nodes of elements.
Figure 15 shows the nodal displacement in x —direction as a color coded map. The nodes,
which were included in plotting of displacement, are highlighted with blue rings. Figure 16,
in turn, shows their value of displacement in x-direction during welding analysis. The dis-
tortion rates of all the three nodes are plotted but their values are so similar that they look
like one graph. Displacement in x-direction is corresponding to angular distortion in this
case. Other distortion types were so insignificant that they were excluded. Table 5 contains

the parameters determined by the calibration.
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U, Ui
+3.867e+00
+3.518e+00
+3.169e+00
+2.819e+00
+2.470e+00
+2.121e+00
+1.772e+00
+1.423e+00
+1.073e+00
+7.242e-01
+3.750e-01
+2.580e-02

-3.234e-01

Figure 15. Nodal displacement in x-direction and the nodes which displacement was plotted.
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Table 5. Parameters used in analysis.

Weld Attributes

Apply torch step

Weld material initial melt temper- 1525 °C
ature
Target torch heat up temperature 1300 °C
Pass Step Controls
Time period of inserting a bead 10s

Initial, min. and max. time incre-

0.15,1x10%s,15s

ments
Max. number of increments 1000
Max allow. temp. change 100 °C
Heating ramp length 7s
Max temp holding time 3s
Cool down step Min. cooling time between passes 30s
Cooling time after last pass 150s

Initial, min. and max. time incre-

0.15,1x10%s,15s

ment
Max number of increments 1000
Max. allow. temp. change 100 °C
Film properties Film coefficient 0.025 mJ/s/mm?/K
Sink temperature 21.1°C
Radiation properties Emissivity 0.75
Ambient temperature 21.1°C

It was also investigated if computing time could be reduced by combining beads inside a
weld if they are welded sequentially so that no other welds are welded between same weld’s
beads. The analysis of the calibration model was driven with the same parameters while two
last beads were combined and they were laid down in the same step. There was only 2.3 %
divergence between the results, so this simplification was used also in the analysis of the

front frame’s model. However, this simplification only applies to beads, which are welded

sequentially, not all beads.
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3.10 Analyzing cases with variable welding sequences

This chapter introduces the welding sequences, which were analyzed in Abaqus. Analyzed
welding sequences are numbered from 1 to 9. Because the original welding sequence was
not equal in side plates, it was analyzed in two phases (sequences 1 and 2). Sequence number
one is the original welding sequence of the right side plate and number two is the original
sequence of the left side plate. The rest of the numbers are alternative sequences, with which
the welding distortions were aspired to reduce. These alternative sequences are determined
to be identical in both side plates. Hence, only one analysis is needed per sequence and it’s
driven with the model of the right side plate. First welding sequence is presented in figure

17. 1t’s the original sequence of the right side plate.
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Figure 17. Original welding sequence of the right side plate (sequence 1).

The second analysis was driven for the left half of the model with original welding sequence
(sequence 2). This sequence is shown in figure 18. The most important difference between
these two sequences is that the abrasion resistant plate was welded earlier in the left side

plate (in phase 17 instead of phase 22).
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Figure 18. Original welding sequence of left side plate (sequence 2).

Figure 19 represents the welding sequence 3. In this sequence the welds inside the lower
frame are welded before those welds which are inserted outside the lower frame. This can

be seen if comparing the phases 22-42 of both sequences. The purpose of this sequence is
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that the side plate could bloat outwards and gain more stiffness before welds 40-41 are
welded. Welds 40-42 strongly pull the side plate inwards.

Figure 19. First alternative welding sequence, sequence 3.

Figure 20 introduces the welding sequence 4. In this sequence, phases 22-42 of sequence 3

were nearly turned upside down because the sequence 3 produced even greater distortions
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than the two original welding sequences. In this sequence, welds outside the lower frame
were welded before the inner ones. Again, this can be seen from the phases 22-40.

Figure 20. Welding sequence 4.

Welding sequence 5 is presented in figure 21. This sequence was intentionally planned as
the worst sequence to investigate what is the greatest possible value of distortion when

welded with the same welding parameters. In this sequence all the welds outside the side
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plate, with the exception of the phases 1-4 (root passes), were inserted as late as possible.
Those welds outside the side plate are important in reducing the distortions that are pulling
the side plate inwards because they are the only welds which pull the plate outwards. In this
sequence, the welds 25-30 were welded in turns so that every second weld was welded out-
side the lower frame and every second inside of it. As expected, this sequence produced the

greatest welding distortions.

Figure 21. Welding sequence 5.



Welding sequence 6 (figure 22) was created as an opposite of welding sequence 5. All the
welds of the side plate’s outer surface were welded completely before any of the inner sur-
face’s welds. The purpose of this was to investigate if the side plate could bulge outwards in
the beginning of the welding work when the stiffness of the structure is as it’s lowest.

Figure 22. Welding sequence 6.
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In sequence 7, it was investigated if the distortions are smaller when abrasion resistant plate
is welded as early as possible and the joints inside the lower frame are welded before outer
ones. Attention was also taken to the joints of upper hinge plate — weld under the plate was

welded before upper one. The welding sequence 7 is presented in figure 23.

Figure 23. Welding sequence 7.
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Welding sequence 8 (figure 24) was a combination of things that seemed to produce less
distortions. These things seemed to be next ones:

Welds inside the lower frame were welded after outer ones
Abrasion resistant plate was welded as early as possible

Upper hinge plate’s upper weld were welded before the lower one

Eal A

Fillet weld between side plate and lower frame (phases 8 and 37 in sequence 7) was
welded as early as possible

Figure 24. Welding sequence 8.
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The result of sequence 8 was not what was expected. Distortions were still greater than with
the two original sequences and sequence 4. Hence, one more welding sequence was created.
In this sequence 9 (figure 25) the main differences to the sequence 8 lie around the hinge
plate’s and lower frame’s joints to the side plate. In this case, those were welded so that their

lower side’s welds (roots and final passes) were welded before upper side.

A

Figure 25. Welding sequence 9.
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4 RESULTS

In this chapter the results of the analyses are introduced. The results are introduced in two
ways. Firstly, as a figure of the model, where the final distortions after welding are presented
as a color coded map with the scale of distortion value’s and color’s dependency. The figure
represents the final distortion values after cooling time of 150 seconds. Because the distor-
tions occur mostly in y-direction (normal to the side plate), the results are shown in that
direction too. The second way of representing of distortions is plotting the displacement
values of four nodes around the model as function of time. These four nodes are shown in
figure 26 and are used in sequences 1 and 3-7. In sequence 2, which was the original welding
sequence of the right side plate, the nodes are picked from corresponding locations of the
model so that they are comparable. Figures of final welding distortions in the model and

nodal displacement plots are presented in appendices 3-20.
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Figure 26. Nodes which displacement during welding are plotted.
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Table 6 represents the final displacement value of the four nodes after cooling time. In case
of sequence two, the node numbers are not correct but the values were taken from corre-

sponding nodes of the other model.

Table 6. Final nodal displacements after cooling time in each welding sequence.

Displacement after cooling (mm)
Node 7175 Node 7195 Node 7448 Node 7523
Sequence 1 2,5 0,5 0,8 -0,8
Sequence 2 2,3 0,6 0,8 -0,8
Sequence 3 2,8 0,75 0,9 -0,75
Sequence 4 2,5 0,6 0,85 -0,75
Sequence 5 3,5 1,2 1,0 -1,0
Sequence 6 3,25 1,0 0,9 -0,4
Sequence 7 2,75 0,75 0,85 -0,75
Sequence 8 2,75 0,6 0,95 -0,75
Sequence 9 2,75 0,7 0,85 -0,75

When comparing the results of the analyses with the measured deformations of the real
welded frame (figure 7), it is noticeable that the volume of the distortions is higher in meas-
ured frame, especially in the left side plate. There is at least two reasons for this difference.
Firstly, the frame was fastened to a welding positioner from it’s right side plate. This may
have caused different forces to the structure during welding work, when the frame was turned
several times into different positions. The other remarkable reason to greater distortions is
that many supporting bars were mounted between the frame plates during welding process.
Those bars were inserted with help of hydraulic press, which may have caused more defor-
mations. Neither of these were not taken into account in the analyses. However, the shape
and the direction of the welding distortions are quite similar in both measured frame and the

results of the analyses. Due to this, the results can be considered reliable.

4.1 Comparison of welding distortions in case of each welding sequence
As one can see from the table 6, node 7175 has greatest distortion value in each welding

sequence. This is because it has the greatest capability to move along the welding distortions
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- even a small angular distortion at the side plate’s and lower frame’s joint displaces the
upper edge significantly. It can be noticed commonly with every welding sequence that the
value of the distortion is smaller at lower regions of the side plate than higher.

Sequences 1, 2 and 4 produced the smallest distortions at nodes 7175, 7195 and 7448. The
difference is clearest at nodes 7175 and 7195. Sequence 6 produced the smallest distortion
at node 7523 but the divergence between sequences at that node is insignificant. Because of
this the sequences were compared mostly by inspecting the distortion values of nodes 7175
and 7195 which lie on the top of the side plate and have the greatest distortion values hence.

The area around node 7448 is one of the most important to avoid excessive welding distor-
tions because the lifting arm, which is mounted later, can easily hit the abrasion resistant
plate too heavily. Of course, the side plates should not be excessively pulled inwards any-

where else neither so the lifting arm fits between the side plates.

4.2  Consideration of the results
After investigating the distortion values of each welding sequences, it seems that the three
most convenient sequences were sequences 1, 2 and 4. Sequence 2 produced smallest dis-

tortions at node 7175 but the difference compared to sequences 1 and 4 is not very large.

The original welding sequences have also an advantage that they are the fastest ones to weld
the front frame. This is because in those sequences every possible welding pass is welded
when the frame is turned to each position. This leads to a minor amount of turning phases
and improves the lead time for its part. More turning phases are required in every alternative

welding sequences so they are not appropriate at that point of view neither.

The most important thing in comparing the sequences was the values of the distortions. An
observation was also given to the shape of the welding distortion but it was quite similar
with every tested welding sequence. This can be seen in appendices 3 — 20. Every second of
those appendices represent the evolving process of the welding distortion values at nodes
presented in figure 26. As one can see, the welding distortions reach almost the same value

irrespective for the welding sequence.
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5 CONCLUSIONS

Due to the results of the analyses, the two original welding sequences are the most appropri-
ate ones from the list of the alternative welding sequences. Their privileges are not only the
smallest welding distortions but also the lead time because the number of turning phases is
at its minimum. It seems that in this structure is no possibility to get any smaller distortions
by modifying the welding sequence only.

The most unfavorable thing to do when welding the structure is to weld every single weld
from the other side of the side plate before the other. This was implemented in sequences 5
and 6 and those were the ones with greatest value of welding distortions. The problem is that
the angular distortion grows and grows when all the beads are welded on the same side of
the plate one after another. At the same time, the stiffness of the joint and structure increases

and it’s difficult to compensate the distortion by welds on the other side later.

When welding the lower frame to the side plate it seemed to not have any privileges if passes
were welded in turns so that every other pass was welded outside of the lower frame and

every other inside of it. This would have been very laborious operation in practice, too.

Based on this research it’s obvious that finite element method is a convenient tool for reduc-
ing welding distortions even if it was not possible in this case. There would be considerably
more ways to reduce distortions by editing the welding sequence if the structure has welds
more symmetrically along it. In this case, the main problem is that there is many times more
welds on the inner surface of the side plate than on the outer surface. The joint of lower
frame’s top and the side plate’s inner surface is also higher than the outer surface’s and lower
frame’s joint. This means that welds on the outer surface have not capability enough to pull

the side plate completely back outwards.

The two inner frame plates are so thick and stiff in LH621’s front frame that they didn’t form
welding distortions worth mentioning. Anyway, the interior of the frame would have been

an excellent object to this research, if it had greater deformations but it didn’t. The interior
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of the frame has its welds more symmetrically than the side plates, which makes it more
convenient for controlling welding distortions by welding sequence.

Abaqus 2017 were used in this study with Abaqus Welding Interface —plug-in. The plug-in
is logical and fast to use after getting friends with it. However, the pre-work with the model
is very time-consuming, especially if the geometry is complicated. The most arduous phase
of the pre-work is meshing of the model. Controlling the density of the mesh could be easier
in Abaqus. User can give element size for volumes, for example for welds and base material.
Element growth from the welds towards the base material is very arduous to control because
user has to create huge amount of partitions to create a reasonable mesh on this kind of
model.

5.1 Further research

In this case, it was not possible significantly reduce welding distortions with alternative
welding sequence, but finite element method could be a powerful tool for investigating the
effect of heat input on welding deformations. It would be easier and more accurate with new
AWI Pro to model welding process. The possibility for adjusting the heat source with volt-
age, welding current and welding should make it an efficient and accurate way to investigate
the effect of heat input. Of course, the software could be any other too if it has features

versatile enough to adjust the heat source.

Also, number of weld passes comes to the question with adjusting the heat input, because
addition of the filler material varies when welding parameters are edited. As it was told in
table 1, limiting the number of weld beads is one way to reduce angular distortion. However,
it may be difficult to reduce the number of the beads from current number, because welds
should be welded with higher heat input. It seems that with current welding parameters the
heat input is close to the upper limit of S355 steel. Moreover, raising heat input raises angular

distortion, which is at variance with limiting the number of weld beads.
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APPENDICES
Appendix |
Material model, physical constants and predefined fields in the Abaqus input file.

** MATERIALS
* )
*Material, name=S355
*Conductivity
45., 20.
35., 600.
28., 700.
34.,1400.
*Density
7.85e-09,
*Elastic
210000.,
180000.,
100000.,
60000.,
30000.,
10000.,
*Expansion
1.2e-05, 20.
1.6e-05,1400.
*Plastic
380., 0., 20.
390., 0.06, 20.
300., 0., 500.
310., 0.06, 500.
15., 0., 800.
25., 0.06, 800.
5., 0.,1400.
15., 0.06,1400.
*Specific Heat
5e+08, 20.
9e+08, 700.
6e+08, 900.
7e+08,1400.

* K

** PHYSICAL CONSTANTS

* K

3, 20.
3, 400.
.3, 700.
3
3
3

~

, 790.
, 900.
,1000.

O O O O oo

*Physical Constants, absolute zero=-273.15, stefan boltz-
mann=5.669%e-11

* K

** PREDEFINED FIELDS

* %

** Name: WM InitialBaseTemperature Type: Temperature
*Initial Conditions, type=TEMPERATURE
LH26leturunko-1.Perusmateriaali, 21.1

** Name: WM Weld-1 InitialTemperature Type: Temperature
*Initial Conditions, type=TEMPERATURE
LH26leturunko-1.WM Weld-1 InitialTemperature, 1525.
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Appendix 111

Nodal displacement of selected nodes during welding with welding sequence 1
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Appendix IV

U, u2
+2.589e+00
+2.302e+00
+2.015e+00
+1.728e+00
+1.441e+00
+1.154e+00
+8.67 5e-01
+5.807e-01
+2.938e-01
+6.951e-03
=2./89e-(]1
-5.668e-01
-8.536e-01

Stress Welding Analysis ¥
ODB: SequenceOneStress.odb

X step: Step-103_UserDef-1

Y

Final welding deformations of welding sequence 1



Appendix V

Nodal displacement of selected nodes during welding with welding sequence 2
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Appendix VI

Final welding deformations of welding sequence 2
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Appendix VII

Displacement

Nodal displacement of selected nodes during welding with welding sequence 3
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Appendix VIII

U2
+2.853e+00
+2.548e+00
+2.243e+00
+1.938e+00
+1.633e+00
+1.328e+00
+1.022e+00
.17 Te-til
+4.119e-01
+1.067e-01
-1.985e-01
~5.037e-01
-8.088e-01

Stress Welding Analysis
ODB: Sequence3Stress.odb Abaqus/Standard 3DEXPERIENCE R2017x

Final welding deformations of welding sequence 3
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Nodal displacement of selected nodes during welding with welding sequence 4
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Appendix X

U, U2
+2.562e+00
+2.284e+00
+2.007e+00
+1.729e+00
+1.452e+00
+1.174e+00
+8.965e-01
+6.190e-01
+3.414e-01
+6.385e-02
=2 15 7e-01
-4.913e-01
-7.688e-01

Stress Welding Analysis
ODB: Sequence4Stress.odb  Abaqus/Standard 3DEXPERIENCE R2017x

Y X Step: Step-11

Final welding deformations of welding sequence 4
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4.0

Displacement (mm)
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Nodal displacement of selected nodes during welding with welding sequence 5
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I
+3.520e+00
+3.137e+00
+2.753e+00
+2.370e+00
+1.987e+00
+1.604e+00 |
+1.220e+00
ENsr3e-nl
+4,540e-01
+7.081e-02
-3.124e-01
-6,956e-01
-1.079e+00

Stress Welding Analysis
ODB: Sequence5Stress.odb  Abaqus/Standard 3DEXPERIENCE R2017x

erDef-1

Final welding deformations of welding sequence 5
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Nodal displacement of selected nodes during welding with welding sequence 6
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U, uz
+3.294e+00
+2.960e+00
+2.626e+00
+2.293e+00
+1.959e+00
+1.625e+00
+1.291e+00
+9.571e-01
+6,232e-01
+2.893e-01
-4.451e-02
-3.784e-01
=7l 22e-01

Stress Welding Analysis
ODB: Sequence6Stress.odb  Abaqus/Standard 3DEXPERIENCE R2017x

st )-109_UserDef-1

Final welding deformations of welding sequence 6
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Nodal displacement of selected nodes during welding with welding sequence 7
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Appendix XVI

U, u2
+2.817e+00
+2.517e+00
+2.217e+00
+1.917e+00
+1.617e+00
+1.317e+00
+1.018e+00
+7.178e-01
+4.180e-01
+1.181e-01
=181 7e-011
-4.815e-01
-7.813e-01
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ODB: Sequence7Stress.odb Abaqus/Standard 3DEXPERIENCE R2017x

Final welding deformations of welding sequence 7
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Nodal displacement of selected nodes during welding with welding sequence 8
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U, u2
+2.825e+00
+2.523e+00
+2.222e+00
+1.921e+00
+1.620e+00
+1.318e+00
+1.017e+00
+7.158e-01
+4.146e-01
11 33611
-1.880e-01
-4.893e-01
-7.905e-01

Stress Welding Analysis
ODB: Sequence8Stress.odb Abaqus/Standard 3DEXPERIENCE R2017x
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Final welding deformations of welding sequence 8



Appendix XIX
Nodal displacement of selected nodes during welding with welding sequence 9
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Appendix XX

U, uz2
+2.752e+00
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