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Abstract

A finite element study was conducted to investigate the friction stir welding (FSW) and
metal inert gas welding (MIG) induced residual stresses, distortions and heat affected zone
(HAZ) and their effects on the behaviour and strength of aluminum ship hull structures. A
three-dimensional, two-step thermo-mechanical finite element model was developed to
predict the residual stress and distortion fields as well as the heat affected zone for both
welding methods. Following the verification of the model, the load vs. shortening curves
of stiffened plates of varying geometries were obtained incorporating the welding induced
imperfections from both welding methods. The load vs. shortening curves were then used
to obtain the moment vs. curvature relationship for a modelled aluminum hull girder. The
effect of stiffened plate geometry, and fabrication methods and associated welding induced
imperfections on the behaviour, ultimate strength, and failure mode of stiffened plates as
well as of the hull girder were presented and discussed.

For the welding induced imperfection study of two aluminum alloy 6061-T6 plates being
welded together, results indicated that in comparison with the MIG welding, the FSW
process resulted in up to 40% and 60% less tensile residual stresses and HAZ extent and
negligible distortions. Increasing the clamping area in FSW process resulted in a decrease
in the maximum tensile residual stress by 40%. For the load vs. shortening response study
of tee-bar stiffened aluminum plates of various geometries, the result revealed that the
presence of the residual stress and HAZ can reduce the ultimate strength of aluminum
stiffened plates under the compressive loading by as much as 16.5% and 10%, respectively.
The comparison of extruded stiffened plates welded by either FSW or MIG showed that
the ultimate strength of the stiffened plates as affected by two welding methods was
dependent on the plate slenderness. The higher magnitude of residual stress was shown to
be beneficial for the ultimate strength of plates with high plate slenderness. For an ultimate
strength study of a modelled hull girder, results showed that the model with extruded
elements welded by FSW can have as much as 28% higher ultimate moment capacity than
that with non-extruded elements welded by MIG welding. Within the models joined by
MIG, the butt welding model resulted in 17% higher moment capacity than the fillet
welding model.
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Chapter 1 - Introduction

1.1 Background

Aluminum has been used to build marine vessels since the middle of the 20"
century with an increasing application in high-speed vessels in the last 20 years (Muckle,
1963). Collette (2005) estimated that there are 1700 high-speed ferries all around the world
and most of them are of aluminum construction. The most important characteristic of
aluminum alloys is their high strength-to-weight ratio in comparison to steel and other
metals. The lighter weight of aluminum helps to reduce the power requirement and increase
the achievable speed and the cargo capacity of vessels. In addition to the advantage of
lighter weight, aluminum has an excellent corrosion resistance and therefore it requires
low maintenance. Meanwhile aluminum high speed vessels can suffer from fatigue

cracking problems as well as poor structural performance in the case of fire.

Ship hull girders are typically made up from steel or aluminum stiffened panels
designed to resist axial compressive loads (Aalberg et al., 2001). Analytical and
experimental research showed that initial imperfections due to welding such as distortions,
residual stresses, and strength reduction in heat affected zones have substantial effects on
the ultimate strength of aluminum stiffened panels, hence consideration of these factors is
important in the design process. Determination of the exact values of residual stress in
stiffened panels requires costly experiments. For this reason an idealized residual stress
distribution is often assumed in design process of hull girder stiffened panels. While some

research has been conducted in studying the effect of welding induced residual stress and



distortion on the steel stiffened panels, the literature survey yields limited technical
information on the effect of these factors on the ultimate strength of aluminum stiffened

plates.

Due to a lack of research conducted in the welding induced residual stress and
distortion in aluminum stiffened panels, most of the existing design guidelines for
aluminum plates and stiffened panels, to a large extent, are based on the research results
on steel structures. Considering the fact that the behaviour and the material properties of
aluminum alloys are different from steel, such approaches can be questionable. There are
several material parameters that make the behaviour of aluminum structures different from
steel structures. The ultimate stress of aluminum alloy is about 60% of steel and the elastic
modulus of aluminum alloys is about 1/3 of steel. Hence aluminum structures are more
susceptible to elastic buckling in comparison to a steel structure with same geometry.
Hence, any strength method developed for steel that does not explicitly consider elastic
modulus of the material, such as b/t ratios for plating, is not appropriate for aluminum.
Also aluminum has a wide variety of alloys with different tempers that can have a wide
range of stress vs. strain behaviour. Among the different series of aluminum alloys, 5xxx
and 6xxx series are extensively used in marine structures and ship building industry. Series
5xxx gain their strength via strain hardening whereas 6xxx series are mostly strengthened
via heat treatment. Both 5xxx and 6xxx series alloys can be extruded into complex shapes.
Another factor that affects the behaviour of aluminum alloys is the effect of material
softening in the heat affected zone (HAZ) due to welding. Unlike steel structures that the
material yield stress does not change significantly in HAZ, the yield strength of aluminum

alloys can be reduced by 30% to 50% in the heat affected zone and this can have a great



effect on the ultimate strength of aluminum stiffened panels. The magnitude and
distribution of welding induced residual stresses, distortions, and the heat affected zone
strength reduction depended on various factors such as geometry, material properties and
welding procedure. Although the welding induced residual stresses, distortions and HAZ
can be measured experimentally using x-ray diffraction, neutron diffraction and method of
sectioning, these methods are time consuming and expensive and the accuracy of the
results is subjected to the precision of the devices (Gannon, 2011). In light of this, the finite
element modeling has been used as an effective alternative for predicting the welding

induced residual stress, distortion and HAZ.

There are methods by IACS (2009) and Gordo and Guedos Soares (1993) which
can be used to determine the ultimate strength taking into account the welding induced
residual stresses for steel stiffened plates (Gannon, 2011). However, whether they can be
directly applied for aluminum stiffened plates remains a question due to the presence of
HAZ. The current marine classification society rules, the DNV Rules for Classification of
High Speed, Light Craft and Naval Surface Craft (2013) and the ABS Guide for Building
and Classing High Speed Naval Craft (2007) apply an overall strength reduction to the
yield stresses in the structure to account for HAZ and thus ignore the effect of HAZ on the
buckling mode of the structure. While this makes design simpler, the penalty is presumably
a heavier and more conservative structure. The Ship Structure Committee (2011) suggested
that the strength penalty for modeling the stiffened panel as all-HAZ material in place of a
combined base/HAZ material model ranged from 10% to 30%. It recommended that

modeling aluminum stiffened panels should explicitly consider the HAZ extent, location,



and strength in place of applying a uniform reduction factor to the strength of the HAZ

material.

1.2 Friction stir welding

Friction stir welding (FSW) is a recently emerged solid-state joining technology
invented by The Welding Institute (Thomas et al., 1991). It is primarily used on aluminium,
and most often on extruded aluminum. The process is illustrated in Figure 1.1. Typically
in FSW process the workpiece is clamped to a back-plate to prevent the lateral movement
during the welding process, and a cylindrical tool with a pin rotating with a speed of several
hundred rpm is slowly plunged into the conjunction of the two workpieces that are to be
jointed together. As the tool is plunged into the workpiece the heat is generated by the
friction between the surfaces of the rotational welding tool including the shoulder and pin,
and the workpieces, which cause the weld material to soften at a temperature less than the
melting point of the material. As the FSW progresses along the contact line of workpieces,
the plasticized material is stirred by the tool and forces to flow to the side and back of the
tool. The stirred material forges to the other materials in the vicinity resulting in a solid
phase joint between the two workpieces. Typically the pin may have a diameter about one

third of the tool shoulder and its length may be slightly less than the workpiece thickness.

One of the key factors in FSW is the heat generated during the process. The
generated heat must be high enough to make the materials around the pin soften for stirring
action but low enough so that the material does not reach the melting temperature. As
melting of the material does not happen during this process, the FSW yields fine

microstructure with absence of cracking and solidification defects (Zhu and Chao, 2004),



and inherently produces a weld with less welding induced imperfections and hence results

in a high quality joint with potentially better structural and fatigue performance.

Downward
force Tool rotation

Shoulder

Figure 1.1 FSW process

1.3 Context of this study

This study is a part of an ongoing research in the Department of Civil and Resource
Engineering of Dalhousie University on the effects of welding on the behaviour of ship
structures. Gannon (2011) studied the effects of longitudinal MIG welding on steel

stiffened plates typical to ship structures. His research included:

e Effect of MIG welding sequence on residual stress and distortion in flat-bar

stiffened plates.

e Effect of 3D MIG welding-induced residual stress and distortion fields on strength

and behaviour of flat-bar, angle-bar and tee-bar stiffened plates.



e Shakedown of MIG welding-induced residual stress and effect on stiffened plate

strength and behaviour

e Effect of MIG welding-induced residual stress and distortion on hull girder ultimate

strength

This study extends the aforementioned research with the focuses on investigations
of the specific effect of welding induced imperfections on the ultimate strength of

aluminum hull girders.

1.4 Objectives and Scope

The main objective of this research is to accurately characterize the effects of FSW
and MIG welding induced residual stresses and distortions, and heat affected zone on the
behaviour and strength of aluminum stiffened panels, and to determine effect of using
different welding and fabrication methods on the ultimate strength and performance of ship

hull girders.

A detailed description of methodology is as follows:

1. Finite element modeling of welding:

a. Extending the previous work on thermo-elastic-plastic finite element model
simulation of MIG welding on steel stiffened plates (Gannon, 2011) to
aluminum stiffened plates incorporating the unique material characteristics

of aluminum.



b. Develop a finite element model to simulate the friction stir welding process.

c. Use the created finite element models to generate residual stresses,
distortions, and yield strength reduction of HAZ in aluminum stiffened

plates typical to naval and commercial ships.

Verification of the models
The models for both MIG and FSW welding are to be verified using experimental

results in aluminum plates.

Parametric study
a. Investigate the effects of MIG welding and FSW on the development of the

heat affected zone, residual stress and distortion fields in aluminum plates.

b. Generate load-shortening curves for aluminum stiffened plates with various
stiffener and plate geometry to investigate the effect of MIG welding on the

behaviour and strength of aluminum stiffened plates.

c. Study the effect of clamping area and welding speed on the FSW induced

residual stresses.

d. Finite element study on the ultimate strength of extruded aluminum
stiffened plates joined by either friction stir welding or metal inert gas

welding.

e. Investigate the effect of fabrication methods on the ultimate strength of

aluminum hull girder.



The dissertation is organized following the “paper format” specified in the thesis
guidelines provided by the Faculty of Graduate Studies. Chapter one presents an
introduction and background of the research topic; Chapter 2 provides a general literature
review relevant to the subject; Chapter 3 describes the finite element modeling technique.
Chapters 4 to 8 are presented in the form of five journal papers with each dedicated to one
subject listed under the section “Parametric study”. Chapter 9 provides a summary and key

conclusions stemmed from this research.



Chapter 2 - Literature review

2.1 Hull girder general behaviour

The main forces that a ship must be able to resist are those due to longitudinal
bending imposed by hogging and sagging. When the amidship is located on the crest of the
wave it bends in a way that the hull is concave downward, this is called as hogging, and
when the amidship is in the trough of the wave the ship will sag so that the hull is bent
concave upward which is called sagging. The Stillwater bending moments and shear forces
on the hull girder in longitudinal direction under each of hogging and sagging conditions
can be estimated from buoyancy and mass distribution curves. Usually the maximum
bending moment occurs in the middle section of the ship and the maximum shear forces
are located in a distance equal to a quarter of ship length from the ends of the hull (Tupper,

2004).

The ultimate longitudinal bending strength of a ship hull can be characterized using
moment vs. curvature relationship for hull girders. One such curve is shown in Figure 2.1
for a typical ship hull. The point, at which the slope of the moment-curvature curve, dM/dC,
becomes zero or changes sign, defines the ultimate longitudinal bending strength, M,, of
the hull. In general, M, is different in hogging and sagging (Rutherford and Caldwell,

1990).

Line 1 in Figure 2.1 represents the case of hull bending failure through ductile
material yielding, and point A corresponds to the initiation of yielding in the outermost

fibre at initial yield moment. Line 2 represents a fast fracture of the hull. This might be a



result of insufficient ductility in the hull structure materials. Nowadays this type of fracture
is not likely as the modern material and construction specifications are intended to prevent

this form of failure by providing enough ductility in the materials.
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Figure 2.1 Moment-curvature relationship

Lines 3, 4 and 5 in Figure 2.1 display the failure modes in which buckling of
compressed elements of cross-section initiates the failure and dominates the ultimate
bending strength of the ship hull. Determination of the buckling load and also prediction
of the relationship between the compressive load and resulting compressive strain

especially in the post buckling regions is in special interest of designers and society rules.
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2.2 Historical review of ultimate strength analysis

One of the first methods for computation of the ultimate longitudinal bending
strength of hull girders was suggested by Caldwell (1965). In this method, the structural
members were divided into panels and the collapse load of each panel was calculated
introducing the concept of structural instability strength reduction factor for compression.
However the Caldwell’s method did not take into account the post collapse strength of the

panels which significantly affects the ultimate strength of the ship hull.

The Caldwell’s method was further developed by Smith (1977). Smith divided the
cross-section of ship hull into a number of beam-columns; each of them consisted of a
stiffener, attached to a certain width of plate. The moment-curvature relationship is
determined by imposing an incremental curvature to the hull girder. For each curvature
applied to the hull girder the average strain of each beam-column element is calculated
based on its location relative to the neutral axis. Entering these values in the predefined
load-shortening curve of each element, the associated stress state and the load carrying
capacity of the element is calculated. Then the bending moment resisted by the cross-
section is obtained from the summation of the contribution from the individual elements.

By using this method the post-collapse behaviour of the hull girder can be obtained.

Smith’s method has inspired the development of several other methods. These
methods included the simplified approaches by Billingsley (1980), Adamchak (1984),
Dow et al. (1981), Rutherford and Caldwell (1990), Yao and Nikolov (1991, 1992) and
Ueda et al. (1982, 1984). The main difference in these methods is the different approaches

for derivation of the load-shortening curves of the beam-column elements.
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The Idealized Structural Unit method (ISUM) is another type of method which was
developed by Ueda et al. (1982). This method is similar to the beam-column method;
however instead of simplifying the model using only beam-columns, entire stiffened panels
may be replaced by a single element called an idealized structural unit with similar
behaviour. Various combinations of different members making up the hull cross-section
may be used as idealized structural units. Each idealized structural unit may consist of an
individual stiffener, a plate between stiffeners, or a plate with several attached stiffeners.
This method is further developed by other researchers such as Ueda et al. (1984), Paik

(1993) and Bai et al. (1993).

2.3 Current design practice

Two marine classification society rules, the DNV Rules for Classification of High
Speed, Light Craft and Naval Surface Craft (2013) and the ABS Guide for Building and
Classing High Speed Naval Craft (ABS 2007) approaches regarding the HAZ in aluminum
structures rely on a reduced allowable stress for welded structures. Neither method requires
an explicit consideration for the size of the HAZ or location of the HAZ in the structure.
These approaches apply a blanket strength reduction to the allowable stresses in the
structure to account for HAZ regions, ignoring the effect of HAZ on the buckling mode of
the structure. While this makes design simpler and does allow greater freedom for locating

structural welds, the penalty is a presumably a heavier and more conservative structure.

Ship Structure Committee Effect of Welded Properties on Aluminum Structures

(SSC-460, 2011) studied the effect of HAZ using finite element method. They concluded
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that there is a significant advantage for modeling aluminum marine stiffened panels by
explicitly considering the HAZ extent, location, and strength in place of applying a uniform
knock-down factor to the strength of the HAZ material. For the compressive applied forces
the strength penalty for modeling the stiffened panel as all-HAZ material in place of a
combined base/HAZ material model ranged from roughly 10% to 30%. They proposed that
reducing the material strength by 10% appears to be a good “FIRST STEP” for including
conventional HAZ in 5xxx series alloy stiffened panels, but they noted that this approach
did not appear practical and consistent for the 6xxx series panels. However, the models
used in this study just had two slenderness for the stiffener and the plate, also in the
modeling the residual stress was ignored and a constant 2 mm initial deflection was
assumed regardless of the slenderness. Ship Structure Committee (SSC-460, 2011) also
recommended a further investigation of the effect of HAZ on the aluminum stiffened plates
in order to develop HAZ-specific strength formulations to remove the penalty approach in
marine classification. A study of extrusion design of aluminum stiffened panels was also

considered necessary.

2.4 Load-shortening curves

It is noted that since there are no published analytical methods for determination of
load-shortening response specific to aluminum alloys, the following presents those

proposed for steel stiffened plates.
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2.4.1 Rutherford and Caldwell (1990)

Rutherford and Caldwell (1990) checked the validity of the Smith’s method for
predicting the ultimate strength of steel ship hull girder using a computer programs
developed at Lloyd’s Register. They considered the plate induced failure mode and the
stiffener induced failure mode. The load-shortening curves were obtained and then used to
calculate the bending moment and curvature relationship for the ship section using the
Smith’s method. They correlated the yield strength of the ship material to the yield strength
of the hull girder and concluded that a variation of x% in the yield strength caused a
variation of 0.5x% in the ultimate strength of the ship hull. The authors noted that future
work is necessary on the prediction of the magnitude and distribution of welded induced
residual stresses and their effects on the overall strength. The effect of lateral pressure
acting on the bottom and side shells on the ship hull ultimate strength was also investigated.
The results indicate that the lateral pressure increases the ultimate strength of ship hull.
This can be explained that as the lateral pressure is applied on the plate side it results in a
tensile stress in the stiffener flange. This tensile stress delays the stiffener buckling and

hence increases the ultimate strength.

2.4.2 Gordo and Guedes Soares (1993)

Gordo and Guedos Soares (1993) proposed a model to predict the load-shortening
curves of the steel stiffened panels based on the model proposed by Faulkner et al. (1973)

for thin stiffened plates. Faulkner et al. (1973) considered both the stiffener and the

effective width of the associated plate as a column that is subjected to an edge stress of O,
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. In the Faulkner’s approach the ratio of the average stress at failure to the yield stress may

be calculated by the equation:

o, 0, ]A +bt )
o, 0, |A +bt @1

Where:

0, : Average stress at failure
0,: Yield stress
0,: Edge stress at failure, equal to (¢.E)

A, : Area of the stiffener

b : Width of the plate

be : Effective width of the plate

! : The thickness of the plate

For the calculation of the effective width of the plate, b., Eqn (2.2) by Faulkner

(1975) can be used:

b, :b(i—iz) for S, >1 (2.2)

0 0
be =b for ﬂo <1

where fois the slenderness of the plate:
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b |o,

By = "z (2.3)

o,
In Eqn (2.1) the ratio of the edge stress to the yield stress, —=, can be calculated

Oy
by Johnson-Ostenfeld interaction equation:
o 1 o
6—82 —ZG—O fOI/' GE ZOSO-O (24)
0 E
O = & for O < 0500
Oy Oy

Where:

o, : Euler buckling stress, o, = (7”; e )2

[ : length of the plate

I’w': Radius of Gyration, 7, '= L
VA +b

I,.," : Equivalent moment of inertia

And the tangent effective width of the plate 5., can be calculated by Faulkner’s tangent

effective width equation:

Ce=— 20 (2.5)
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Gordo and Guedes Soares modified and generalized this approach to generate the

entire stress-strain curve of stiffened plates. This was done based on the assumption that

. . o . . .
for any strain, the ratio of —£  has an instantaneous value. This ratio for the Euler’s
0y

nominal stress is given by:
o 7Y
O, =L :(_) (2.6)

L
v

ce

where A is the column slenderness, 1 = [ j\/g—o ,and & is the yield strain. Replacing &9

by current strain of ¢ the Euler stress ratio at a strain of ¢ becomes:

(2.7)

cI)E(g): -

&

_ & , : :
where & =— .The column slenderness A varies by the increase of strain due to the
80

changes in the effective width. By assuming that Eqn (2.4) is valid and it can be modified

for every strain:

1 o
B e D,(£)=0.5 2.8
Jo [ 4®E(§)J o, fOl" E(8)> ( )
_. O,
O, =D, (&) for ®,.(8)<0.5
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Finally the ratio of the average stress in the stiffened plate to the yield stress can be
used to calculate the load-shortening curves including the buckling inelastic effects. This

expression might be written as:

_ A +b,'t
D,(E)=2, {m} (2.9)

Where @, (€) is the average stress of a column composed by a stiffener of area A and a

plate of area bt under a strain of & . In Eqn (2.9), be' is the tangent effective width of the

plate given by:

2 1
b=b = —— 2.10
) (ﬂ ﬂzj :

B="Ale (2.11)

2.4.3 Hansen (1996)

Hansen (1996) developed a method to predict the load-shortening curves for steel
beam-columns to be used in the Smith’s method, taking into account the effects of welding
induced initial deflection and residual stresses. Hansen assumed that the failure occurs
locally between two adjacent frames and each beam-column element behaves
independently. In this method,the stress distribution at the middle of a beam with a cross

section area of A¢ and length of / subjected to a normal force of P and a lateral load of ¢
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with an end rotation of @ and initial deflection of W, at the middle of the beam, is given

by:

P w,EzPr’ Eqz aEz w, P Lq

o(z)=——-— - + ( +—

4, L(P-P) P sina—L L(P-P,) 2P
2

+6) (2.12)

where z is the distance measured from the neutral axis of the beam and:

P
_ 2.13
= \E (2.13)
P, = EIE(%j (2.14)

where /¢ is the effective moment of inertia. By finding the sectional parameter 4k, in

every iteration the corresponding displacement can be calculated by:

5. PL

=— 2.15
B 2.15)

Eqn (2.12) and (2.15) can be used to calculate the force P as a function of end
displacement ¢ and the rotation 6, to generate the load-shortening curve in the elastic

compression region.
2.4.4 Office of Naval Research’s (ONR) simplified approach (2011)

Ship Structure Committee (SSC-460, 2011) presented an early version of ONR

simplified approach for predicting the buckling strength of aluminum panels. This method
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is based on the Hopperstad et al.’s (1999) development of Stowell’s (1948) unified
buckling theory. Stowell suggested that the uniaxial buckling stress of a plate can be

calculated as:
GBuckle = 77 O-Elas[ic (2 1 6)

where Op,.. is the elastic buckling stress, and # is the correction factor for the plastic

effects of stockier plates. Elastic bucking stress for plates can be calculated from the

equation:

2 2
O-Elam‘c = k " E 2 (Lj (217)
‘ 120-v) b

where E is the Young’s modulus, v is the elastic Poisson’s ratio taken as 0.3 for aluminum,
t is the thickness of the plate, b is the width, and k is the buckling geometry coefficient

which is 4 for plates simply supported on all of four edges.

Hopperstad et al. (1999) extended this method to predict the load-shortening curves
of plates in compression including the post buckling region. The effective width approach
was used where the effective width of the plate is reduced after buckling to take into
account the plate’s stiffness reduction. For any instantaneous compressive stress the

effective width is given by:

O-LIV’
b, =b—2% (2.18)
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where 0 .. 18 the average compressive stress, and 0, is the instantaneous edge stress

which is the stress in the material stress-strain curve that corresponds to the current axial
strain. In the Hopperstad et al.’s method it is assumed that the effective width of the
material in post-buckling region is equal to the width of a plate that would first buckle in
the same corresponding edge stress. Hence, the stress in the post-buckling region is equal

to:
0= V naElasticae < Ge (2 19)

where 7 is the buckling coefficient calculated at the current edge-stress, and O g, is the

elastic buckling stress calculated from Eqn (2.17) with the original plate geometry.

2.5 Effect of MIG welding on aluminum plates

One of the earliest studies on the welding of aluminum alloys was conducted by
Nelson and Howell in (1952). The composition of the alloy that they used was close to
modern 5xxx and 6xxx series. In this study they investigated the strength of butt and fillet
welds in aluminum structures as well as the increase in the buckling susceptibility of

aluminum structure as a result of welding process.

Hill et al. (1960) extended the work of Nelson and Howell by studying the strength
reduction in the welding area of aluminum structures. Based on a large amount of
experimental work on different aluminum alloys with both butt and fillet welds, they

proposed to model the heat affected zone of welding as a single HAZ block with an
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effective width of 37.5mm from the weld centerline. Based on this assumption they
developed some formulas for calculating the strength of different aluminum structural

members such as beams, columns, and plates.

In early 1980s, Mofflin (1983), and Mofflin and Dwight (1984) studied the collapse
strength of a series of 76 aluminum un-stiffened plates under uni-axial compressive
loading. The components were made of 5083 and 6082 aluminum alloys that are widely
used in ship building industry. In the fabrication of the specimens they used tungsten insert
gas (TIG) welding for longitudinal direction and metal inert gas (MIG) welding for
transverse direction. Test results revealed that the longitudinal welding resulted in a 10 to
15% reduction in plate strength for both the 5083 and 6082 specimens. The presence of the
transverse welding also reduced the plate strength by 30%. They concluded that the
difference of some results for 5083 and 6082 alloys are related to the difference in material

properties.

Hopperstad et al. (1997) investigated the studies of Mofflin (1983) and Mofflin and
Dwight (1984) on un-stiffened aluminum plates using ABAQUS non-linear finite element
program. They used shell elements for plates and refined meshing in the heat affected zone
(HAZ) area. In the finite element modeling the welding was not modeled directly but in
the analysis they assumed the strength reduction of material in the HAZ. They also
assumed an idealized residual stress distribution and amplitude in the finite element model.
They concluded that the finite element method can be used reliably to predict the behaviour

and strength of welded aluminum plates under compressive loading.
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Matusiak and Larsen (1998) and Matusiak (1999) performed experimental tests on
aluminum 6082-T6 alloy butt and fillet welds with 5183 filler metals. Results revealed that
the material in HAZ areas near the welding line has less ductility in comparison with HAZ
material far from the welding line. The welding line perpendicular to the applied stress and
loading direction can reduce the strength significantly. Matusiak (1999) observed that
ignoring the HAZ in fillet welded aluminum 6082-T6 joints can considerably overestimate

its tensile strength.

Kristensen and Moan (1999) studied the effect of HAZ in the ultimate strength of
rectangular aluminum plates using finite element program ABAQUS. Specimens were
made of 5xxx and 6xxx series aluminum alloys. The welding was not modeled in the
numerical analysis and the initial imperfection in a sinusoidal form was assumed. The
extent of the HAZ was assumed for the models and an idealized residual stresses equal to
75% of the yield stress was considered for the plates in the HAZ. They found that the
presence of HAZ resulted in reductions of 10% to 35% in the ultimate strength of 5xxx

series and 6xxx series aluminum plates under axial compressive loading.

Kristensen (2001) carried out a parametric study on the collapse strength of
aluminum plates using non-linear finite element code ABAQUS. Again, the welding was
not directly modeled, but the residual stresses and initial deflections were assumed. In this
study Kristensen investigated the effects of a wide range of parameters, such as assumed
sizes of HAZ, plate aspect ratio, and material properties as well as the assumed values for
residual stresses and initial deflections on the ultimate strength of 5xxx and 6xxx series
aluminum plates. Results revealed that the impact of HAZ on the ultimate strength of

aluminum plates do not vary significantly for the relative slenderness of the plates. There
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is a linear relation between the yield stress reduction in HAZ and plate strength, as well as

HAZ width and plate strength.

Aalberg et al. (2001) tested a series of extruded 6082-T6 aluminum profiles with
longitudinal welds. The section types were open L-shaped section stiffeners and closed
section (box) stiffeners. The tested specimens failed in different modes such as overall
flexural buckling, flexural buckling combined with local plate buckling, and stiffener
tripping. Test results revealed that the post buckling levels of the load-shortening curves
are strongly dependent on the failure mode of the stiffened plate. Among the buckling
failure modes, stiffener tripping is the least desirable due to its abrupt reduction in
resistance beyond the ultimate load. The effects of welding induced imperfections were

not studied in this study.

One of the major research on aluminum stiffened panels was carried out by Zha
and Moan (2001, 2003). They tested the ultimate strength of aluminum stiffened plates of
various geometric configurations with predominately torsional failure modes. Various
heights of stiffener and plate thickness were studied. They also analyzed the specimens
using non-linear finite element code ABAQUS. Models were made of AA5083-H116 and
AA6082-T6 aluminum alloys. For modeling of stiffened panels, shell elements were used
and one element was selected over the HAZ region. However, the welding process and
weld elements were not modeled in the finite element study. The welding induced tensile
residual stress was assumed equal to the reduced yield stress of the material in HAZ in a
direction parallel to the weld line with a width equal to the width of HAZ. For each model
two widths of 12.5 and 25 mm were assumed for the HAZ. The initial deflections measured

in the experiments were applied to the finite element models. The results revealed that the
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reduction in the ultimate strength of the specimens is affected by the presence of HAZ and
the amount of the reduction is related to the height of the stiffener. The HAZ in the
transverse direction was shown to have the dominant reduction effect on the ultimate
strength of the stiffened panels due to the localization of plastic deformation in this region.
Results of finite element analysis showed that due to the presence of residual stresses the
ultimate strength of the panels was reduced by 1% to 7% for specimen made of 5083-H116

and by less than 3% for specimens made of 6082-T6.

Rigo et al. (2003) studied a range of parameters on the ultimate strength of axially
compressed aluminum stiffened panels, including extruded profiles. The material used was
aluminum AA6082-T6. The welding process and weld element were not directly modeled
in the numerical studies. The welding induced initial deflection of the model was assumed
to be 2 mm at the middle of the specimen and the residual stress was assumed to be same
as the assumptions of Zha & Moan (2001). The parameters included the location of
welding, HAZ extents, initial distortions, plate thickness, residual stresses, and yield stress
of HAZ. They found that HAZ has no significant effect on slender panels with low ultimate
strength, but as the plate becomes stockier the sensitivity of the ultimate strength to HAZ
becomes more important. Results also showed that the ultimate strength of aluminum
stiffened panels with extruded elements are less sensitive to HAZ. The effect of HAZ width
(12.5 mm, 25 mm, 50 mm, 75 mm, and 100 mm HAZ widths) on the ultimate strength was
not proportional to the HAZ width. For example, the reduction induced by first 25mm was
twice the additional reduction induced by another 25mm. In the analysis, the strength

reduction induced by the assumed residual stresses was 2.5% for a Smm thick plate. Results
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indicated that the thicker the plate, the more sensitive to the residual stresses the specimen

became.

Paik and Duran (2004) studied the ultimate strength of AA5383 aluminum plates
and stiffened panels under axial compressive loading using the non-linear finite element
code ANSYS. The width of HAZ was assumed three times of the thickness of the plate for
un-stiffened plates, and for the stiffened plates the width of the HAZ was taken from the
popular “1-in” rule that considers the width of the base material softening 1 inch/25mm in
all directions from the centerline of the weld (Mazzolani, 1995). The welding process was
not modeled in the finite element study. An average level of initial deflections were
assumed for both of the plates and stiffeners based on the data obtained from fabrication-
related initial imperfections for steel structures (Paik and Thayamballi, 2003) and some
measured data for aluminum structures (Zha and Moan 2001, Matsuoka et al. 1998). The
influence of residual stresses was neglected in the finite element modeling. They analyzed
23 different plates and 50 different stiffened panels and derived formulas for the ultimate
strength of aluminum plates and stiffened panels through the regression analysis of the

computed results.

Paik et al. (2007) studied the collapse characteristics of aluminum stiffened plates
by experimental testing and numerical study using the finite element code ANSYS. A total
of 78 full-scale prototype aluminum structures were constructed by MIG welding and 6
types of welding induced initial imperfections were identified. They categorized the six
types of the imperfection in three levels of “slight”, “average”, and “severe”. Buckling
collapse tests were conducted on the specimens and the axial load-displacement curves

were obtained until and after the ultimate strength was reached. The FE model they used
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had one shell element representing the HAZ in the plate and stiffener. The width of the
HAZ was assumed based on an average level of HAZ from statistical analysis of the
experimental data. The welding was not directly modeled in the finite element analysis but
simplified average level of residual stresses and distortions were considered in the
modeling. It was observed that models with higher ratio of stiffener height-to-thickness
mostly collapsed by lateral torsional buckling or tripping, and the models with lower height
of stiffener tended to have a beam-column type collapse. They proposed closed-form

empirical ultimate limit state formulas for aluminum stiffened plate structures.

Ship Structure Committee (SSC 460, 2011) conducted a series of non-linear finite
element analysis for tee-bar stiffened panels. Shell elements were used for modeling and
welding process and weld elements were not modeled. Residual stresses were neglected in
the modeling. The width of the HAZ was assumed to be 3 times of the plate thickness or
stiffener thickness and both of the longitudinal and transverse HAZ were assumed. The
yield strength of the materials was assumed to be either all HAZ or all base metal. The
finite element results were compared with an early version of ONR strength method.
Results revealed that modeling aluminum structures as all-HAZ material is overly

conservative and will result in a substantial weight penalty.

2.6 Effect of FSW process on aluminum plates

Murphy et al. (2007) used finite element modeling to study the effect of FSW
induced residual stress and HAZ on the ultimate strength and buckling performance of

multi-stiffened integrally stiffened panel (ISP), that are used in aircraft wings, where L-
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shaped stiffeners were joined to the plates (skin) by FSW. Shell elements were used in the
finite element modeling and the FSW process was not simulated, however, different values
for FSW induced residual stress, HAZ and distortions were assumed in the modeling. The
distortion were assumed to be mainly a result of the production process of the skin. In the
welded interface of the skin and stiffener rigid link elements were used and in the un-
welded interfaces gap elements were used. The parametric finite element study revealed
that the initial skin buckling is predominately affected by the magnitude of the FSW
induced residual stress and HAZ while the ultimate collapse response of the considered

structures were less sensitive to the welding induced residual stress and HAZ.

Yoon et al. (2009) studied the buckling collapse of ISP structures welded by FSW
using finite element analysis. They chose two different sectional shapes of 400 and 600 kN
for the models using the tools provided by Airbus. The FSW welding process was not
simulated. The effect of FSW on the structure was considered in the finite element
modeling just by assuming HAZ in the assumed weld lines. Shell elements were used in
the modeling and a 30 mm HAZ width was considered in the weld lines based on the
previous experimental results. Meanwhile no FSW induced residual stress or distortions
were considered in the modeling. The models ran a second time without the HAZ. The
results revealed that FSW induced HAZ can reduce the ultimate strength of the ISP

structures by as much as 10%.

Caseiro et al. (2013) used finite element modeling to study the buckling and to
develop optimization algorithms for extruded aluminum stiffened plates, made of
AA2024-T351, under compressive loads using 3D elements. Two kinds of stiffened plates

were considered including built-up profile and completely extruded tee-bar stiffened
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plates. Though the welding was not simulated but for representing the FSW in the models,
a width for the HAZ was assumed and the material properties of the areas that were
considered as the weld line was reduced. No FSW induced residual stress and distortions
were assumed. The models were analyzed with and without the FSW induced HAZ. They
developed algorithms to determine the optimized dimensions for the stiffened plates taking

into the account the effect of the FSW (presence of the HAZ).

Paulo et al. (2014) studied the buckling behaviour of aluminum plates joined by
FSW. For measuring the residual stress, a contour method was used. However the obtained
residual stress was not reasonable as the compressive residual stresses of as high as 200
MPa were presented around the weld line. In the finite element modeling shell elements
were used. The width of the HAZ was assumed based on the other studies. To study the
effect of distortions, three different distortion magnitudes were considered. The results
revealed that residual stress can decrease the ultimate strength of the plates. The percentage
of the reduction was related on the plate length and the assumed distortions. The percentage
of the reduction increased by the increase of the magnitude of the distortion. However it
was shown that in the plates with a length greater than 300 mm the magnitude of the

ultimate strength was almost the same for the different assumed magnitudes of distortions.

2.7 Summary of the literature review

Although the effect of HAZ and residual stress and distortion fields on the strength
of aluminum stiffened plates has been studied in the past, it needs to be pointed out that

these studies are, in general, very limited and assumptions and idealizations made in these
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studies varied, which may have led to some conflicting or inconclusive information

reported in these studies.

For simplicity, the main general conclusions are listed below in point form. A

detailed literature review can be found in the proposal.

1.

To the best knowledge of the author there is no reported study on the structural
performance of aluminum structures typical to the ship building fabricated
using friction stir welding. Among the few researches that studied the structural
performance of structures fabricated by FSW, idealizations and assumptions
were used in the modeling instead of actual simulation of the welding and in

most cases the presence of the residual stress was ignored.

There is no reliable method for determining the load-shortening curves of
aluminum stiffened plates. Design codes underestimate the strength of the
aluminum stiffened plates (Aalberg et al, 2001). Approaches regarding the
HAZ in aluminum structures rely on a reduced allowable yield stress for welded
structures. The penalty is presumably a heavier and more conservative structure
(SSC-460, 2011). Ship Structure Committee SSC-460 (2011) indicates that
“Investigation of the effect of HAZ on the aluminum stiffened plates in order
to develop HAZ-specific strength formulations to remove the penalty approach

in marine classification is necessary.”

The HAZ due to MIG welds can reduce the ultimate strength significantly, but
different studies indicated different degrees of reduction ranging from 0 to 35%.

One study (Rigo et al. 2003) showed that HAZ has no significant effect on
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slender models, and as the panels become stockier the effect of HAZ on
ultimate strength increases. However, another study (Kristensen 2001) noted
that the strength reduction due to HAZ is constant regardless of plate

slenderness.

. For different stiffener configurations and slenderness, the effect of HAZ on the
ultimate strength reduction might be different. Numerical analysis by Zha and
Moan (2001) showed that the reduction of the ultimate strength of flat-bar
aluminum stiffened plates, designed to fail by torsional buckling of stiffeners,
due to HAZ for AA6082-T6 and AA5083-H116 on the average, was about 15%
and 10% respectively while the results of Rigo et al. (2003) for angle-bar
stiffened plates shows a 0% to 30% reduction depending on the slenderness of

the stiffened plate.

The effect of HAZ on the angle-bar aluminum stiffened plates with a A typical
of naval structures and with transverse welds in the location of transverse
frames are inconclusive in the Rigo et al. (2004) study. Also the effect of
transverse and longitudinal HAZ on the flat-bar aluminum stiffened plates with
geometry and buckling modes other than torsional buckling of stiffeners are

inconclusive in the Zha and Moan (2001) study.

The literature review concluded that the effect of residual stress on the ultimate
strength reduction is much less than the effect of HAZ, even Ship Structure
Committee SSC-460 (2011) ignored the presence of the residual stress.

However, there is uncertainties on the magnitude of the reduction caused by
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10.

11.

residual stress. This could also resulted from the limited slenderness of the
studied models or different assumptions and idealizations made with regard to

the magnitude and distribution of residual stresses, distortions, and HAZ.

None of the previous studies modeled the welding process. In some studies, the
effects of welding are taken into account by assuming idealized distribution and
amplitude of welding induced residual stresses, distortion and HAZ while other

studies ignored the presence of residual stresses in the finite element modeling.

The effect of using extruded aluminum stiffened plates instead of non-extruded
aluminum stiffened plates and also the effect of using FSW or MIG welding on

the structural performance of aluminum stiffened plates have not been studied.

The effect of MIG welding induced residual stress and HAZ on the ultimate

strength of aluminum ships are unclear.

The effect of using extruded elements instead of non-extruded elements on the

ultimate strength of aluminum hull girders has not been studied.

The effect of using FSW instead of traditional MIG welding on the ultimate

strength of aluminum hull girders is unclear.
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Chapter 3 - Welding simulation by the finite element method

3.1 Fundamentals

A two-step nonlinear finite element analysis can be used for the modeling of
welding. In the first step of this process, the time-dependant temperature distribution is
determined in a transient thermal analysis. For the heat transfer analysis, we assume that
the material obeys Fourier’s law of heat conduction. The rate of heat flow in a Cartesian

system can be written as:

¢ =l4,.4,.4.] 3.1)

Where ¢, ¢, and g: are the rate of heat flows conducted per unit area. And:

Gl
-k 2
q. =~k —
Gl
q,=—k, > (3.2)
Gl
-k 2
q. =k —

where 6 is the body temperature, and k., k, and k. are the thermal conductivity

corresponding to the principal.

If the rate of heat generation or rate of the heat source per unit volume at every
point in the domain Q is assumed to be O, the heat flow equilibrium for a steady state

condition becomes:
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Using the gradient operator:
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The Eqn (3.3) can be written as:

Vig+0=0 (3.6)

By substituting Eqn (3.4) and (3.5), Eqn (3.6) can be written as:
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In the case of welding process thermal simulation, which the temperature
distribution changes with time, an additional term must be added to the right side of the

equation:

—(k a) a(k 5) g(k —) Q0= C— (3-8)

where c is the volumetric specific heat (J/m*C)

Eqn (3.8) is nonlinear if any of ¢ or k is a function of T, and either of the essential
or natural boundary conditions must be satisfied on the boundary of Q. Goldak et al. (1984)

defined the essential boundary conditions as:

ko grall-T)+ ou(T* ~1;) =0 (3.9)
n

where:

k= thermal conductivity normal to the surface (W/mC)
q(x, y, z, t) = prescribed flux (W/m?)

o = heat transfer coefficient for convection (W/ m?C)

€ = emissivity

To = the ambient temperature for convection and/or radiation (C)
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If radiation is included or if the convective heat transfer coefficient is temperature

dependant, this boundary condition is nonlinear.

The initial conditions can be specified for (X, y, z) in the domain of Q as:

T(X,y,z)zTO(X,y,Z) (310)

If the partial differential of Eqn (3.8), the initial boundary conditions, and the
natural boundary conditions are consistent, the problem is considered to be well posed and

there is a unique solution for the problem.

The finite element method for solving Eqn (3.8) is based on a piece-wise

polynomial approximation for the temperature field within each element:

T(x,y,2)= > " N,(x, 3, 2)T,(t) (3.11)

Where T;(t) are the nodal values of temperature at the time t, and N; are the polynomial
interpolation function depending on the type of element, its size, and its shape. The

temperature gradient can be calculated at any point from Eqn (3.11):

L % (3.12)

{8T oT aT}{aNiT oN, .. aaN'Ti}
Z

5’5’5 ox oy

In order to evaluate 7;, Galerkin method can be used. Galerkin method requires:
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Q

Where N; in Eqn (3.13) is a test function and »; in Eqn (3.11) are the trial functions.
Because of the fact that Eqn (3.11) is an approximate to the exact solution, there are some
residual or error terms. If there would be no residual or error terms, Eqn (3.11) is the exact
solution. Since there are i nodes, Eqn (3.13) results in a set of i ordinary differential

equation which are integrated to form a set of nonlinear algebraic equations:

[x17]=[R] (3.14)

where [K] is an effective thermal activity of stiffness matrix, [R] is an effective load vector,

and [7] is the vector of nodal temperature.

3.2 Heat source modeling in MIG welding

Accurate modeling of heat source is a complicated task, and the choice of how to
model it in finite element is depended on the purpose of study. If the aim of study is to
accurately model the heat affected zone (HAZ) and fusion zone (FZ), a detailed model of
heat source and a fine finite element meshing in the vicinity of the heat source must be
used, which consequently limits the size of the model that can be solved in a practical
amount of time. When the objective of the analysis is to predict the residual stresses and

deformations of the larger surrounding area, the modeling of the heat source can be
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simplified to allowing for a courser mesh and reduced time of analysis. In larger models,
it is usually not necessary to predict the size and shape of the FZ. These parameters may

be estimated to simplify the heat source model.

The basic theory of heat flow was first developed by Fourier and then Rosenthal
(1946) developed it for moving point, line, or plane sources of heat. Although Rosenthal’s
model is still the most popular method for calculating the thermal history of welds, many
researchers have shown that it is subjected to serious errors for temperatures near the fusion
and heat affected zones. These errors are mostly due to the basic assumptions of the method
where the temperature is assumed infinite in the heat source and the material properties are
assumed to be temperature independent. A detailed discussion on the accuracy of

Rosenthal analysis is presented by Myres et al. (1967).

Paley and Hibbert (1969) and Westby (1968) used a constant power density
distribution in the fusion zone (FZ) to distribute the heat throughout the molten zone to
reflect the digging action of the arc more accurately. Pavelic et al. (1969) proposed a
Gaussian distribution of flux (W/m?) deposited on the surface of the workpiece. In Pavelic
et al.’s disc model, the thermal flux has a Gaussian or normal distribution in the z-z plane
as shown in Figure 3.1. This disc model is more realistic than the point source as it is able
to distribute the heat over a source area. Krutz and Segerlind (1978) and Friedman (1975)
combined the Pavelic’s disc model with FEM analysis in order to achieve a better
temperature distribution in the fusion and heat affected zones. Their developed alternative
form is expressed in a coordinate system that moves with the heat source. The power

distribution in this model is:
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where Q is the energy input rate (W) and C is the characteristic radius of flux distribution

(m).

Goldak et al. (1984) proposed a double ellipsoid non-axisymmetric three
dimensional heat source model which is more realistic and more flexible in comparison
with other models. The double ellipsoids of this model represent the volumetric heat from
the molten metal droplets and a Gaussian power density to represent the heat of the welding
torch. The combination of two ellipsoidal sources makes it possible to simulate the

different steps of temperature gradient around the heat source as shown in Figure 3.2.

Gaussian Heat Flux

Figure 3.1 Pavelic heat disc source. (Anderson, 2000)
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Figure 3.2 Double ellipsoidal power density distribution (Anderson, 2000)

The front half of the source is the quadrant of one ellipsoidal source, and the rear
half is the quadrant of another ellipsoidal. The power density distribution in the front and

the rear ellipsoids as given by Anderson (2000) are presented as follows:

6’\/§f Q 2 2 2 2 2 2
(x, ,Z,t) _ f e—3y /b e—3z /b e—3[x+v(r—t)] / af (3.16)
175%Y aleﬂ\/;

6‘/§fo e—3y2/b2 —322/b* _B[x+v(z-0) /a2

= TJr= 3.17
q,(x,y,2,1) gy e e (3.17)
fr+f.=2 (3.18)
O=nVl (3.19)
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where:

fr, /- Fractions of the heat in rear and front ellipsoids

gr, g-: Power density in the front and the rear ellipsoids

v,t,7: Welding speed, time, and heat source x-position at t = 0
Q : Effective energy input

n,V,1I : Heat source efficiency, welding voltage, welding current

3.3 Heat source modeling in FSW welding

The key component of friction stir welding simulation is the modeling of heat
generation. In this study, the thermal boundary value problem for of the FSW is
schematically shown in Figure 3.3. The energy balance at any time during the FSW

requires (Chao et al., 2003):

0,=9,+0,+0 (3.20)

where Oy is the heat flux due to the tool shoulder and pin interface friction with the
workpiece, g5 1s heat loss due to convection and radiation between the free surfaces and
air, Oy 1s the heat loss from the bottom surfaces of the workpiece due to the heat conduction
to the backing plate, and Q is the increase of the heat content in the workpiece (W). Because
of the term Q, the heat transfer process in the workpiece is not steady state. However, Oris

expected to be constant except in the beginning and the end of the FSW process due to fact
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that it is only function of physical interact between the tool pin/shoulder and the workpiece.
Hence in this study a moving heat source with a constant Qr is developed for the finite

element simulation.

qu (Convection)

lQh (Heat Sink)

Figure 3.3 FSW thermal boundary conditions (Chao et al., 2003)

Chen and Kovacevic (2003) were one of the first researchers to propose a heat
generation rate equation to calculate the heat input. By considering an element at radius r,
the rate of the heat generated due to the friction in the interface of the tool shoulder and the

workpiece surface was given by:
dQ, = 270 w(T) p(T)dr (3.21)

Where @ is the angular velocity, u is the coefficient of friction, and p is the pressure due
to the plunging force. Hence the rate of heat generation over the entire interface of the tool

shoulder and workpiece were obtained as:
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where Rshoutder and Rpin are the radius of the tool shoulder and tool radius. Chen and
Kovacevic (2003) used the same expression to calculate the heat generation from the
interface of the tool pin and workpiece. As the friction and the pressure are functions of
temperature 7 and radius » Eqn (3.22) is difficult to evaluate. As the temperature increases
the work done by the plastic deformation is expected to be increased and the friction
coefficient decreases. Hence a constant value for friction coefficient might be used in the
evaluation to take into account the comprehensive effects of both of the thermal and plastic

effects during the FSW process.

Schmidt et al. (2004) extended the previous analytical expressions to include the
heat generation due to the friction of the conical shoulder and cylindrical pin surfaces.
Schmidt et al. (2004) proposed that the heat generation (W) in the interface of the tool

shoulder and workpiece interface due to friction can be calculated as:

27 (Rouider
Oypontaer = || || @ e’ (1+ tan a)drd0 (3.23)

contact
0 JR,,

where conacr 18 the shear stress in the surface, wis the angular velocity, and o is the shoulder

cone angel.

The heat generated from the pin consists of two parts, heat generated from the side
surface of the pin and heat generated in the tip of the pin. Schmidt et al. evaluated that the

heat generated from the pin side surface as:
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Opinsite = [ [ O Tuomaa Ry 20 (3.24)

And the heat generated from the pin tip surface, assuming a flat tip, gave:

27

Qpin,tip = _[0 J.OPM @ Tcontactrzdrde (325)

Hence the total heat input, Qy calculated from the combination of the heat

generation from the tool shoulder and pin as:

Qf = Qshoulder + Qpin,side + Qpin,tip (326)

Recently Riahi and Nazari (2011) suggested that the heat generation due to the

friction in the tool shoulder surface and the tool pin can be calculated as:

4’
Qshoulder = T IUNp (Rihoulder - R;in ) (3 27)

47’ 3 5
QPi’l = T IUNp(Rpin - 3Rpinhpin) (328)

where N is the number of revolution of the tool per second.
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3.4 Mechanical finite element analysis

3.4.1 Fundamentals

The governing finite element equations in terms of stress for a solid element are:

0
oo, M +8T‘Z +b =0
ox oy oz
0 0
Ui N g, + o7, Y — (3.29)
ox oy oz 7
0
o7, ey 9o, +b.=0
Ox oy 0z

where ¢ and 7 are the normal and shear stresses and b., b, and b. are the body force

component.

The total weighted residual of each equation is obtained by multiplying it by its

own weighting function (i, and W ), integrating over the volume and adding all of the

three terms. Using the Green-Gauss theorem the total weighted residual can be written as

(Bhatti, 2005):

[[[(0.@), +0,(&), +0.@). +7, (), + 7, (7)., +7, (7)) )dV
v (3.30)
([ +q,7 +q.w)ds — [[[ (bt +b,v +b.w)dV =0

where ¢x, g, and ¢ are applied surface loads.

The left hand side of the Eqn (3.30) can be linearized in the form of an algebraic

equations system as follows:
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where Kris the tangent stiffness matrix, Ad is the incremental displacement vector, r and
rq are the equivalent nodal load vectors due to body forces and surface forces respectively

and ry is the internal force vector.
3.4.2 Thermal stress

A temperature rise of AT in element can result in a uniform strain that depends on
the thermal expansion coefficient a of the material. The temperature change does not cause
shear strain, hence the resulted initial strain vector due to temperature change in a 3D

element can be expressed as follows (Bhatti, 2005):

aAT
aAT
aAT
& = 0 (3.32)
0

0

In the presence of the initial strain &,the constitutive equation can be written as

follows:

oc=Ce-¢,) (3.33)

where C is the stress-strain constitutive matrix. The strain energy within an element can

be written as:
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Expanding the product:

- IﬂgTngV—% J[fer"Catr

1 T 1 T (-33)
_E-U‘J.g Ce, dV +EI;['[80 Ce,dV

The last term can be ignored as it contains all the known quantities that do not
depend on the solution. Also, since C is a symmetric matrix the second and third term can
be combined together. Hence the effective strain energy can be expressed as follows

(Bhatti, 2005):

U= j!ngngV—% J[fa" catr (3:36)

Making the substitution (€ = B'd) , Eqn (4.26) becomes:

U, = ldTJ.”BCBTdVd ~[[]e," cB ava
2 v (3.37)

:la’de—rgTd
2

where k = J. J.BCBTd V' is the element stiffness matrix and reT is the external nodal load
4

vector due to the thermal strains. As the effective potential energy is minimized, Eqn

(3.27) reduces to the familiar form:
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4.1 Abstract

The effects of metal inert gas (MIG) welding and friction stir welding (FSW) on
the development of the heat affected zone (HAZ), residual stress and distortion fields in
aluminum plates were investigated in this paper. The FSW and MIG butt welding process
of two aluminum alloy 6061-T6 plates were simulated in a three-dimensional, two-step
thermo-mechanical analysis using the finite element code ANSYS. The element birth and
death technique was implemented in the MIG simulation to model the addition of weld
metal to the workpiece and the tool plunging force and fixture release were considered in
the FSW simulation. The finite element thermal results revealed that the FSW process
resulted in significantly lower temperatures in comparison with MIG welding, and hence
formed a smaller HAZ around the weld line. The obtained mechanical results indicated
that in comparison with MIG welding, the FSW process resulted in up to 40% and 75%
less peak tensile and compressive residual stresses respectively. In addition, the FSW
process showed a reduction of 40% to 60% in HAZ area and also considerably smaller
distortions.
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4.2 Introduction

Friction stir welding (FSW) is a recently emerged solid-state joining technology
primarily used on aluminum or other metals that are sensitive to welding (Thomas et al.
1991). It is believed that the first commercial application of FSW process was in the ship
building industry for the welding of 6xxx series of aluminum extrusions for fishing vessels
(Midling et al. 1999; Threadgill et al. 2009). Since then, FSW has become increasingly
popular in the welding of aluminum extrusions in various high speed vessels as well as
aluminum superstructures of large steel cruise ships (Gesto et al. 2008). As illustrated in
Figure 4.1, typically in FSW process the workpieces are clamped to a back-plate to prevent
the lateral movement during welding, and a cylindrical tool with a pin rotating with a speed
of several hundred RPM is slowly plunged into the conjunction of the two workpieces that
are to be jointed together. As the tool is plunged into the workpieces heat is generated by
the friction between the surfaces of the rotational welding tool including the shoulder and
pin, and the workpieces, which causes the weld material to soften into a plasticized state.
As the FSW progresses along the contact line of workpieces, the plasticized material is
stirred by the tool to flow to the sides and back of the tool. The stirred material forges to
the other materials in the vicinity resulting in a solid phase joint between the two
workpieces. During the FSW process, the generated heat is high enough to make the
materials around the pin to soften for stirring action but low enough so that the material
does not reach the melting temperature. Since the welding takes place at a temperature
below the material melting point, the FSW process yields fine microstructure, absence of

cracking and solidification defects, and no loss of alloying elements (Zhu and Chao, 2004).
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Downward
force Tool rotation

Shoulder

Figure 4.1 FSW process

It is commonly acknowledged that welding aluminum results in significant changes
to the material properties in the area around the weld known as the heat affected zone
(HAZ). Those changes can be detrimental to the performance of aluminum structures
because aluminum is often heat-treated to increase strength and hardness. In 6000 series
aluminum alloys for example, all the effects of heat treatment will be lost if the temperature
reaches 300 °C for only a short time (Beaulieu 2006, Davis 1993). After the cooling down
period, they regain about 40% to 80% of their heat treated strength. In aluminum joints
welded by FSW, the reduction of the yield stress in HAZ is not only affected by the high
temperature fields but also by the mechanical deformation during the FSW process.
Previous studies have reported reductions in the range of 30-60% in yield stress in the HAZ
for different types of aluminum alloys (Mahoney et al. 1998; Reynolds and Duvall 1999).
Chao and Qi (1998) defined the extent of HAZ in FSW of aluminum as the area that
experienced 300 °C and higher. They also defined a semi-HAZ area where the material
reached a temperature between 200 °C and 300 °C and has a material strength between the

strength of HAZ and base material.
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Most existing research on the FSW process focused on the thermal aspects of FSW.
While some experimental work was conducted (Tang et al. 1998; Chao et al. 2003), more
studies were based on three-dimensional heat flow numerical models to investigate the heat
generation and temperature distribution during the FSW (Gould 1998; Frigaard et al. 2001;
Chao et al. 2003; Song & Kovacevic 2003; Schmidt et al. 2004). The results revealed that
the heat generation during the FSW process was mainly due to the contact condition
between the tool shoulder and workpieces, and most of the generated heat flowed to the
workpieces. Zhang and Zhang (2007, 2008) developed a thermo-mechanical finite element
model of FSW for 6061-T6 aluminum alloy and studied the effect of the shoulder rotating
speed and welding speed on the temperature distribution, and material deformation. The
study showed that the temperature field was approximately symmetrical to the welding
line and the maximum temperature in the FSW process increased with the speed of tool

rotation.

Where FSW induced residual stress and distortion fields are concerned, existing
studies are limited in that potentially significant aspects of the process are often not
considered. One of the first studies on the finite element modeling of FSW residual stress
was carried out by Chao and Qi (1998, 1999). They developed a moving heat source model
for FSW of 6061-T6 aluminum plates based on a reverse engineering method and then
studied the residual stresses caused by thermal effects. However, tooling geometry and
plunging force from the welding tool to the workpieces were not modeled. Zhu and Chao
(2004) developed a 3-D nonlinear thermo-mechanical finite element model to simulate the
FSW of 304L stainless steel plate. This is one of few studies that took into account the

changes in material strength at the HAZ, however the plunging force was ignored.

52



Khandkar et al. (2006) used a thermo-mechanical finite element model to simulate the
transient temperature and residual stress in the FSW of aluminum alloys of 2024 and 6061
as well as stainless steel 304L. Neither development of the HAZ nor the plunging force
were considered in the modeling. The aforementioned studies generally concluded that the
longitudinal residual stress is predominant and that the transverse residual stress is
considerably smaller. The maximum longitudinal residual stress due to welding can range
from 50% to 100% of the yield strength of the base material in aluminum plates. A higher
traveling speed of welding tool causes higher longitudinal residual stress in a narrower
region. However, ignoring the modeling components such as HAZ and plunging force were
believed to attribute to the discrepancies between the finite element and experimental

results reported in these studies.

As friction stir welding gains popularity with materials such as aluminum whose
strength may be sensitive to welding, a comparison with traditional metal inert gas (MIG)
welding in terms of welding induced residual stress, distortion, and heat affected zone is
necessary. In this study both the FSW and MIG butt welding of aluminum 6061-T6 plates
were simulated using the finite element code ANSYS. To the authors’ knowledge, this
study is the first where FSW and MIG welding induced residual stress and distortion
considering the effect of HAZ in aluminum plates are examined and compared. The 6061-
T6 alloy was selected because it is the most popular 6000 series alloy and is widely used
in ship building. The modeling was carried out by sequential two-step thermal-structural
analyses, where the mechanical force between the traveling welding tool and the workpiece
as well as the development of HAZ during the welding process were considered. The model

was validated by comparison against experimental results obtained for both MIG welding
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and FSW processes. A parametric study was also conducted to investigate the effects of

plate thickness and welding speed on FSW induced residual stresses and distortions.

4.3 Numerical simulation

A two-step finite element modeling procedure was used for the simulation of both
FSW and MIG welding process using ANSYS. In the first step of analysis, the thermal
loads due to FSW and MIG welding were simulated and applied to the model and a
nonlinear transient thermal analysis was performed to determine the time-dependent
temperature distribution. In the second step, the temperature field history calculated from
the thermal analysis, and also the plunging force in the case of FSW were applied to the
structural model as a series of loads, where each load step represented an increment in the
position of the traveling welding tool. A structural analysis was then performed to provide
the residual stresses and distortions induced by the welding. The meshing patterns for both
of the thermal and structural analysis were the same but with different element types. The
SOLID70 thermal element was used in the thermal model whereas its equivalent structural
element SOLID185 was used in the structural model. The SOLID70 element has eight
nodes with a single degree of freedom, i.e. temperature, at each node whereas SOLID185
element also has eight nodes but having three degrees of freedom at each node: translations

in the nodal x, y, and z directions.

Temperature dependent thermal and mechanical material properties were
incorporated in the models. The thermal material properties required are density, specific

heat and thermal conductivity, and the mechanical material properties include Young’s

54



Yield stress o5 (MPa)

modulus, yield stress and thermal expansion coefficient. For the Poisson’s ratio a constant
value of 0.33 was considered over the temperature history. Temperature dependent
mechanical and thermal material properties for 6061-T6 were adopted from Riahi & Nazari
(2011), and the temperature dependent heat transfer coefficient was adopted from Moraitis

and Labeas (2008). The details are shown in Figure 4.2.
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Figure 4.2 Temperature dependent material properties for aluminum alloy

6061-T6 (Riahi & Nazari, 2011)

Similar to concepts used by Chao and Qi (1998), it is assumed in this study that the
weld area was divided into three zones, i.e., HAZ, semi-HAZ, and base metal zone. The
correlation between the strength in these zones and temperature is summarized in
Table 4.1. In the finite element analysis of both the FSW and MIG welding processes, as
welding progressed the average temperatures of elements were queried and the material
properties of those elements were changed corresponding to the maximum average

temperature according to Table 4.1.

55



Table 4.1 Material strength with respect to temperature

Temperature % of yield stress of
T base metal
HAZ T >300°C 60
Semi-HAZ 200 °C <T<300°C 80
Base metal zone T <200 °C 100

4.3.1 Finite element simulation of MIG welding

The MIG welding process was modeled in a two-step nonlinear analysis based on
a similar approach developed by Gannon et al. (2010). In this case, butt welding of two
plates was simulated. A typical finite element meshing was developed for the current study
and the boundary conditions are shown in Figure 4.3. A mesh convergence study revealed
that a relatively dense mesh was required in the region surrounding the weld. The
boundary conditions were applied such that the model can deform in all directions so that
the thermal expansion and contraction were not restricted. In this study it is assumed that
60% of the total heat input of welding was transferred to the work piece via the molten
metal droplets and the other 40% was transferred by surface heat flux (Pardo & Wekman,

1989). The total heat input of welding can be calculated using Eqn (4.1) as follows:

O =nVi (4.1)

where V'is the arc voltage, / is the arc current, and 7 is the arc efficiency which is assumed
to be 0.85 for CO» gas metal arc welding (Michaleris et al. 1997). The heat of the molten
metal droplets was described by a volumetric heat generation and for the heat flux a

Gaussian distribution with an arc radius of 5 mm was assumed based on work by
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Kumaresan et al. (2011) and Zhu and Chao (2002). The Gaussian distribution is defined

relative to the coordinate system of the traveling heat source and it is expressed as:
3 332762 38262
G ) = 25 (42)

where ¢ is the radius of the welding arc. User-defined macros were created using
parametric design language (APDL) to model the movement of the heating source and the
deposition of molten metal droplets on the workpiece. Heat loss due to the combined
effects of convection and radiation was accounted for by using a temperature dependent
heat transfer coefficient (Figure 4.2) on the free surfaces of the work piece (Moraitis and

Labeas, 2008).

Figure 4.3 Typical meshing pattern of MIG finite element model and

boundary conditions
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In the structural analysis, the temperature field time history calculated from the
thermal analysis was applied to the model as a series of thermal loads, where each load
step represented an increment in the weld deposition. To correctly model the addition of
the molten weld metal to the workpiece, the element birth and death feature available in
ANSYS was used (Playdon & Simmonds, 1984). In the beginning of the structural analysis
all of the weld elements were deactivated (killed). As the weld progressed a subroutine
was used to apply the calculated temperature field at the corresponding time and to
calculate the average temperature of the welded elements. Those welded elements whose
temperature had fallen below the solidification temperature, which is 610 °C for aluminum
6061-T6, were activated again simulating the deposition of the weld elements on the work
piece. The weld elements were activated with no strain history and their reference
temperature was set to the solidification temperature in order to calculate the thermal

strains (Gannon et al. 2010).

To verify the model for MIG welding process, experimental results obtained by
Masubuchi (1980) were used where the welding of an aluminum plate was conducted. The
geometry and welding configuration of Masubuchi (1980) test are shown in Figure 4.4.
The plate was simply supported on both ends and the upper longitudinal edge of the plate
was welded by MIG welding. The plate was made of aluminum alloy 5052-H32 and
measured 1220 mm long, 152.4 mm wide and 12.5 mm thick. The welding parameters and

material properties were given by Masubuchi (1980).
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Figure 4.4 Test setup of Masubuchi (1980)

Figure 4.5 compares the finite element and experimental results of temperature
history. Figure 4.6 compares the structural results including the transient vertical deflection
at the mid-point of the plate and the longitudinal residual stresses in the mid-thickness of
the cross-section. The figures show that the finite element results compare well with the
test results in both temperature distribution and the resulting deformation and residual

stress.
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Figure 4.6 Comparison of transient vertical deflection and longitudinal

residual stress at the middle of the plate
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4.3.2 Finite element simulation of FSW

The weld zone in the finite element modeling was defined as the interface of the
weld tool and the workpieces. The finite element meshing pattern used for the FSW process
simulation and the applied boundary conditions are shown in Figure 4.7. The highlighted
areas in the figure indicate the location of the clamping fixture applied to the plates. In
mechanical simulation the boundary conditions representing the backing plate and clamps
were applied where the vertical deflection of all nodes in highlighted area was restrained.
After the welding was complete and the workpieces cooled down to the room temperature,
the clamps were released in the last step of analysis to allow the redistribution of residual

stresses.

The key component of friction stir welding simulation is the modeling of heat
generation. The energy balance at any time during the FSW requires the following (Chao

et al. 2003):

0y =4q,+0,+0 (4.3)

where Oy is the heat flux due to the tool shoulder and pin interface friction with the
workpiece; g; is the heat loss due to convection and radiation at the free surfaces; Q5 is the
heat loss from the bottom surfaces of the workpiece due to the heat conduction to the
backing plate; and Q is the increase of the heat content in the workpiece (W). The heat flux
Or 1s expected to be constant except in the beginning and the end of the FSW process since

it is only dependent on the physical interaction between the tool pin/shoulder and the
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workpiece. Hence a moving heat source with a constant Oy was considered in the finite

element simulation.

Figure 4.7 FSW finite element mesh and boundary conditions

In this study the heat generated due to friction during the FSW was considered to
have three components using the method provided by Schmidt et al. (2004). They included
the heat generated at the interface of the tool shoulder and workpiece, Qsnouider; and the heat
generated from the side surface of the pin, Qpinsize, and on the tip of the pin, Opinsip. The

expressions for them are as follows:

Qshaulder = I2” jRShoulder a),z’-c’ontactr2 (1 +tan a)drde (44)

0 VR,
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contact™ * pin

Opsic = [, [ OT Ry, d2d0 4.5)

27 7 pin 2
Qpin,t[p = J.O J.() a)z—conmctr drd@ (46)
where Tconcr 18 the shear stress in the surface, » is the radius of shoulder, o is the angular
velocity, and « is the shoulder cone angle as shown in Figure 4.1. Hence the total heat
input, Or (W), can be calculated from the combination of the heat generation from the tool

shoulder and pin as:

Qf = Qshoulder + Qpin,side + Qpin,tip (47)

This generated heat due to friction between the tool shoulder/pin and the workpiece
was modeled as heat fluxes in the corresponding interface areas, moving with the weld
speed. The heat input was assumed to be linearly proportional to the distance from the tool
centerline to the edge of the shoulder based on the assumptions that the plunging force
applied to the workpiece from the tool shoulder creates a uniform pressure and the heat is
generated from the work done by the friction force. The heat fluxes were applied to the
materials under the tool with a distribution given by Chao et al. (2003):

30,r
2R}

shoulder

q(r)= (4.83)

where Rsnoulder s the outside radius of the shoulder of the tool and QOris the total heat input
calculated using Eqn (4.7). On the boundary of the surfaces of the workpiece, the heat loss

to the ambient temperature is caused by the heat transfer through convection and radiation.
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The heat loss in all surfaces, except for the bottom surface where the workpiece is attached

to the backing plate, is evaluated as (Zhu and Chao, 2004):
qs :,B(T_To)+gB(T4_To4) 4.9)

where T} is the room temperature, ¢ is the emissivity of the plate surface and B is the
Stefan-Boltzmann constant which equals to 5.67 <10 *Wm 2k ~*, and S is the heat

transfer coefficient as given in Figure 4.2.

The heat loss from the bottom surfaces due to heat conduction between the

workpiece and the backing plate is evaluated as:

0,=p,T-T)) (4.10)

where S5 is the convection coefficient between the workpiece surface and the backing plate

and it is assumed to be 350 W / m” K based on the work of Chao et al. (2003).

In the mechanical modeling, two types of loading were assumed including the
transient temperature calculated from the thermal analysis, and the pressure due to the tool
plunging force. The pressure, P, due to the plunging force applied to the workpiece by the
tool shoulder was modeled as uniform pressure moving forward with the speed of welding

and it is expressed as follows:

F
P=—— 4.11
y (4.11)

shoulder

where Agnoulder 15 the area at the interface of the tool shoulder and the workpiece.
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For the verification of the model developed for the FSW process, two experimental
studies were used. The model was first verified for the transient temperature distribution
and welding induced residual stress using experimental results obtained by Zhu and Chao
(2004) on steel plates. The model was then verified with experimental thermal results
obtained by Guo et al. (2014) on aluminum plates. The test setup of Zhu and Chao (2004)
consisted of plates made of 304L stainless steel, measuring 304.8 mm long, 101.6 mm
wide and 3.18 mm thick. Figure 4.8 compares the finite element and experimental results
for the temperature distribution along the transverse direction of the workpiece. A good
agreement between the finite element and experimental results is obtained. Figure 4.9
shows the comparison of longitudinal residual stresses measured 0.55 mm below the
surface of the cross-section in the mid-length of the workpiece after the release of the
clamps. Note that no experimental results were obtained before the release of the clamps,
numerical results obtained both before and after the release of the clamps are shown in the
figure. Also included in the figure are the numerical results obtained by Zhu and Chao
(2004). It is observed that the longitudinal residual stress after the release of clamps

decreased significantly as shown by both finite element models.
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Figure 4.9 Longitudinal residual stress along the cross-section
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Guo et al. (2014) obtained the temperature history of a plate of aluminum alloy
6061 welded to a plate of aluminum alloy 7075 using friction stir welding. Figure 4.10
shows the calculated temperature history where there is a good agreement between the

finite element and the experimental results.
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Figure 4.10 Comparison of temperature history profile at 10 mm away from

the weld line

In summary, verification of the finite element model shows that the model is
capable of simulating heat generation due to friction and plunging force as well as residual

stress caused by friction stir welding, accounting for the release of clamping force.
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4.4 Comparison study

Models of two plates being joined together by both the MIG welding and FSW
processes were developed and results on the temperature distribution, residual stress and
distortion fields were compared. The plates used were 6061-T6 aluminum alloy, both
measuring 250 mm wide by 500 mm long. Meshing and dimensions of MIG and FSW
models are shown in Figure 4.3 and Figure 4.7, respectively. Thicknesses of 4, 6 and 9
mm were considered. The MIG welding input parameters including voltage/current and
welding speed, were adopted from Lincoln Arc Welding Foundation (2000) and are shown
in Table 4.2. The MIG welding of the 4 mm thick plates was carried out on one side of the
plates in a single pass whereas for the 6 mm and 9 mm thick plates both sides of the plates
were welded in a single pass on each side. The plates were allowed to cool for 30 minutes
after the welding of the first side, and were cooled to 20 °C following the welding of the

second side.

Table 4.2 Details of finite element models and MIG welding parameters

Model thickness Voltage Current Speed
(mm) V) (A) (mm/min)
4 26 140 600
6 28 200 600
9 30 260 430

The FSW process details used in this study were adopted from Guo et al. (2014).
The welding tool had a shoulder diameter of 15 mm and a pin diameter of 5 mm. The plates

were supported on a backing plate, and were clamped by L-shaped steel strips through their
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length at the distance of 125 mm from the weld line. The FSW process was carried out
using tool rotational speed of 1200 rpm with a welding speed of 5 mm/s. The plunging
force applied from the welding tool to the workpiece of 6.4 mm aluminum plates was
measured between 6 and 7 kN. In the current study plunging forces of 5 kN, 6 kN and 7
kN were applied to the 4 mm, 6 mm and 9 mm models respectively. These welding
parameters are considered typical for friction stir welding on aluminum plates. To have a
thorough evaluation of FSW process, effects of varying welding tool speed and plunging
force on the temperature distribution and residual stress were further investigated. Two
additional tool speeds of 3 mm/s and 7.5 mm/s as well as a plunging force of 7 kN were

considered in the analysis of 6 mm thick plates.

4.4.1 Thermal results

Figure 4.11 presents the simulated temperature distribution caused by FSW and
MIG welding in the top surface and mid-thickness of the cross-section at the mid-length
of the plate when the welding tool reaches this cross-section. It shows that for all three
thicknesses considered, the finite element maximum temperatures for FSW ranged from
472 °C to 500 °C, and as expected, the maximum temperature occurred at the top surface
of the plate which was in direct contact with the welding tool. These maximum temperature
values were about 110 °C to 140 °C less than the melting temperature of aluminum alloy
6061-T6 and are within an acceptable range for FSW process (Chao and Qi 1998; Riahi
and Nazari 2011). Figure 4.11 also shows that an area with temperature reaching 300 °C
or higher extended up to 9 mm from the weld centerline in each direction. This area is the
HAZ formed by FSW process. It is also observed that the varying thickness had negligible

impact on the temperature distribution and the extent of HAZ for the FSW process. On
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the other hand, the HAZ extent caused by MIG welding measured 15 mm from the weld
line in each direction for the 4 mm and 6 mm thick plates and 21 mm from the weld line

for the 9 mm thick plates, which were 1.5 to 2.5 times HAZ caused by FSW process.
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Figure 4.11 Temperature distributions along the transverse direction

Figure 4.12 further shows the through thickness temperature distribution in the
cross-section during the FSW process for 6 mm thickness model. The models with 4 and
9 mm thickness showed similar temperature distribution patterns. As can be seen, in the
mid-thickness of the cross-section the temperature was significantly less than the top, and
the temperature decreased quickly through the thickness of the plate. This is mostly due to
the relatively higher conduction in the bottom of the workpieces which are in contact with

the backing plate.
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Figure 4.12 FSW temperature distribution at mid-length cross-section of the

6 mm model

Figure 4.13 shows the effect of varying welding speed and plunging force on the
temperature distribution of the plates. It can be seen that as the welding speed decreased
the maximum temperature and the HAZ width during the FSW process increased. For 6
mm thick plates, the maximum temperature during the process with a welding speed of 7.5
mm/s was 428 °C as opposed to 528 °C with a welding speed of 3 mm/s and the extent of
the HAZ also increased from 7.5 mm to 11 mm as welding speed decreased. Figure 4.13
also shows that keeping the welding speed constant, when the plunging force increased
from 6 kN to 7 kN, the maximum temperature in the model increased from 477 °C to 547

°C and the extent of the HAZ increased from about 7.5 mm to 11 mm.
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Figure 4.13 Temperature distributions for the FSW model with different

welding parameters

4.4.2 Residual stress and distortion results

For the friction stir welding process, the clamps for securing the plates in place
were released after welding and the plates were cooled down to the room temperature.
Figure 4.14 shows the longitudinal residual stress distribution in the 6 mm model before
and after the release of the clamps. It can be seen that the residual stress changed markedly
after the clamp release. Thus the fixture release in the FSW must be considered in the
numerical simulation of residual stress. In the current study, the FSW induced residual
stresses are reported after the fixture release. The residual stresses in MIG welding are

reported when the plates were cooled to the room temperature after welding.
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Figure 4.14 FSW induced longitudinal residual stress at mid-length cross-

section before and after the fixture release

Figure 4.15 shows the variation of the longitudinal residual stresses obtained at
mid-thickness in the mid-length cross-section of the models for both FSW and MIG
welding. The FSW process resulted in significantly lower residual stresses in comparison
with MIG welding. The maximum tensile residual stress caused by FSW varied between
164 to 171 MPa when plate thickness decreased from 9 mm to 6 mm, and the width of the
tensile residual stress was 28.5 mm. For all models, the maximum tensile residual stresses
developed about 6 mm away from the weld line. The developed tensile residual stresses
were balanced with compressive residual stresses away from the weld line. The maximum
compressive residual stress developed in the FSW models ranged from 11 MPa to 13 MPa,
and decreased to 5 MPa at the edges of the plate. It also shows that the thickness of the
plate did not have any significant effect on the residual stress magnitude and distribution

in models welded by FSW process.
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Figure 4.15 MIG & FSW induced longitudinal residual stress at mid-length

cross-section

However, for MIG welding models, relatively high residual stresses were
developed, and tensile residual stresses were formed in a wider area. The maximum tensile
residual stress was developed for 9 mm thick plate which was 263 MPa and was located
21 mm away from the weld line in each direction and the width of the tensile residual stress
zone was 80 mm. The tensile residual stress was balanced by the compressive residual
stresses ranging between 33 MPa and 39 MPa. It also shows that as the plates became
thicker, the residual stress magnitude increased. Recalling that the maximum tensile and
compressive residual stresses for the 9 mm model joined by FSW process were 162 MPa
and 9 MPa respectively, this observation shows that for 9 mm plates, FSW process resulted
in 40% less maximum tensile stress and 75% less maximum compressive stress in
comparison with MIG welding. It is noted that the maximum tensile residual stress
occurred in the edges of the HAZ zone and the magnitude of the tensile residual stress at

the weld line was smaller. This residual stress pattern is in accordance with the
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experimental observations by other researchers (Feng et al. 2004) and can be attributed to

the weaker material strength in the HAZ.

Figure 4.16 shows the vertical deflection of the plates welded by FSW in the mid-
length cross-section after the release of the clamps. For all three thicknesses, the deflections
caused by FSW process were small. The maximum deflection occurred in the 9 mm model
and was 0.4 mm. Even smaller deflections were observed as the plate thickness decreased.
The relatively low deflections caused by FSW process can be attributed to the low level of
maximum temperature material experienced during the welding and also to the fixtures
used to clamp the workpieces to the backing plate during the welding process. Figure 4.17
shows the vertical deflection of the MIG welding models in the transverse mid-length
cross-section as well as the vertical deflection in the longitudinal direction along the weld
line. The maximum distortion occurred in the 4 mm model, where a single weld pass
resulted in an 8 mm relative distortion at the mid-length cross-section. For the 6 mm and
9 mm models, the maximum relative vertical distortions at the mid-length cross-section
were approximately 6 mm and 3 mm respectively. It can be deduced that if the vertical
deflection in the longitudinal direction was taken into account, the relative distortion will
be even more significant. All these values were much greater than distortion due to the

FSW process.
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weld line of MIG models

Figure 4.18 shows the effect of varying welding speed and plunging force on the
residual stress distribution of plates. It can be seen that for a given welding speed, an
increase in the plunging force from 6 kN to 7 kN did not have a significant effect on the
residual stress distribution. However, for a given plunging force, an increase in welding
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speed resulted in higher tensile stress but distributed within a narrower area and a reduction
in the compressive residual stress. As the welding speed increased from 3 mm/s to 5 mm/s,
the magnitude of the maximum tensile residual stress increased from 166 MPa to 172 MPa
while the compressive residual stress decreased from 15 MPa to 12 MPa. Although there
were changes in the residual stress, the magnitudes of the changes were marginal and hence
in a practical standpoint, the effect of change in speed and plunging force from typical

values can be considered negligible.

200 T
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Figure 4.18 Residual stress at the mid-length cross-section of FSW models

4.5 Conclusions

A three-dimensional, two-step thermo-mechanical model was developed to
simulate both the friction stir welding and metal inert gas welding processes. The model
was verified with experimental results by comparison of transient temperature, residual

stress and distortions. The finite element simulation was then used to examine and compare
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the temperature fields, heat affected zone, residual stress and distortion generated during
FSW and MIG welding of two aluminum alloy 6061-T6 plates. Some conclusions

stemming from the study are as follows:

The thermal results indicated that while the maximum temperature during the FSW
was about 80% of the aluminum melting point, the temperature caused by MIG welding
reached up to 300% higher than the melting point of the material. The MIG welding
resulted in a wider HAZ than the FSW process. For the models considered, the extent of

HAZ as a result of MIG welding was about 1.5 to 2.5 times that caused by FSW process.

The structural results revealed that for all models studied, FSW resulted in up to
40% lower peak tensile and 75% lower peak compressive residual stress in comparison
with MIG welding. In both of the FSW and MIG welding the maximum tensile residual
stress occurred at the edges of the HAZ. While the thickness of the plates did not have a
significant effect on the magnitude of the residual stresses caused by FSW, for MIG
welding the residual stresses increased as the plates became thicker. In the case of welding
induced distortion, the results indicated that MIG welding resulted in a considerable level
of distortion in both transverse and longitudinal directions and this distortion increased as
the plate thickness decreased. In comparison, the distortions due to FSW process were
almost negligible. An increase in welding speed resulted in higher tensile stress distributed
within a narrower area and a reduction in the compressive residual stress. However, either
the increase or reduction was not significant from a practical standpoint for the welding

speed and plunging force considered.
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In summary, the FSW process showed better performance in lowering residual

stress and distortions and resulting in a smaller HAZ than conventional MIG welding in

aluminum plates.
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5.1 Abstract

This paper investigated the effect of a 3D simulated metal inert gas (MIG) welding induced
heat affected zone (HAZ), residual stress and distortion fields on the behaviour of
aluminum stiffened plates under compressive loading. A two-step, thermo-structural finite
element model was developed for the simulation of the welding process and the model was
verified using the available experimental results. The welding induced HAZ, residual stress
and distortion were then studied for tee-bar stiffened aluminum plates of various
geometries. The effect of these welding induced imperfections on the load vs. shortening
curves, buckling mode, and the post-buckling behaviour of each stiffened plate geometry
were investigated. It was found that welding induced tensile and compressive residual
stresses ranged from 72 to 77% and 18 to 36% of the base metal yield stress, respectively.
The width of the HAZ around the weld line increased as the plate slenderness increased.
The reduction in ultimate strength of the tee-bar aluminum stiffened plates due to the
presence of the HAZ and residual stress was as much as 10% and 16.5% respectively. The
assessment of the existing analytical methods revealed that they provide significant
underestimation of the ultimate strength of aluminum stiffened plates when compared with
the finite element results.
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5.2 Introduction

Aluminum has been used to build ship structures since the mid-20th century with
an increasing application in high-speed vessels in the past 20 years. In ship structures made
of either steel or aluminum, stiffened panels, constructed through welding, are mainly used
as ship hull girders and they are usually designed for axial compressive loads (Aalberg et
al. 2001). While welding induced residual stress and distortion are common in both
aluminum and steel stiffened plates, the heat affected zone (HAZ) where the material
strength sustains marked reduction due to welding is unique in aluminum stiffened plates.
Analytical and experimental research showed that for aluminum stiffened panels, welding
induced residual stresses and distortions, and yield strength reduction in the HAZ have
substantial effects on the ultimate strength (Zha and Moan 2001, Rigo et al. 2003). Finite
element studies by Rigo et al. (2003) showed that the effect of HAZ led to a 0 to 30%
reduction on ultimate strength of angle-bar stiffened plates depending on their column
slenderness. The reduction was minimal for high column slenderness, but increasingly
significant as the stiffened plates became stockier. However, the slenderness typical of
naval structures was not thoroughly studied. A numerical study conducted by Zha and
Moan (2001) showed that the reduction of the ultimate strength due to the presence of HAZ
was about 15% for AA6082-T6 and 10% for AA5083-H116 in flat-bar aluminum stiffened
plates that were designed to fail by torsional buckling of stiffeners. Their parametric study
revealed that over 90% of the reduction of ultimate strength was introduced by the presence
of the transverse HAZ in nearby endplates. Their models were designed to buckle by the
stiffener tripping mode; other models with other buckling modes were not included in the

study. It should be pointed out that all aforementioned studies did not model the welding
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process and instead, constant HAZ widths were assumed in the finite element modeling
regardless of the material thickness and welding parameters. In terms of residual stress,
Zha and Moan (2001) and Rigo et al. (2003) found that the maximum reduction in ultimate
strength due to the presence of residual stresses was about 7% and 5%, respectively while
the Ship Structure Committee (SSC-460, 2011) simply neglected the presence of residual

stresses in the finite element modeling.

One major study on aluminum stiffened plates was conducted by Paik et al. (2007)
where 78 full-scale prototype aluminum stiffened structures constructed by metal inert gas
(MIG) welding were tested under compression, which was followed by a finite element
study. Using experimental results, the welding induced residual stresses, distortions and
HAZ were approximated and categorized in three levels of “slight”, “average”, and
“severe”. In the subsequent finite element study, they used one shell element representing
the HAZ in the plate and stiffener. The welding process was not directly modeled but
simplified average values of residual stresses, HAZ and distortions were assumed in the
modeling. However, discrepancies between their experimental and finite element results
were observed. Based on the regression analysis of the experimental and numerical results,
they developed closed-form empirical ultimate limit state formulas for aluminum stiffened

plates. For tee-bar aluminum stiffened plates the ultimate strength was expressed as in Eqn

(5.1):

o, 1 <

oy 1318427592 +0.1855 —0.17722 B> +1.0034°

1
- (5.1)
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where 0, is the ultimate strength of the tee-bar aluminum stiffened plate, o, is the

yield stress of the aluminum, and £ and A are plate slenderness and column slenderness of

the stiffened plate respectively.

Although there are methods by IACS (2009) and Gordo and Soares (1993) which
can be used to determine the ultimate strength taking into account the welding induced
residual stresses for steel stiffened plates (Gannon, 2011), whether they can be directly
applied for aluminum stiffened plates remains a question due to the presence of HAZ. Two
marine classification society rules, the DNV Rules for Classification of High Speed, Light
Craft and Naval Surface Craft (2013) and the ABS Guide for Building and Classing High
Speed Naval Craft (ABS 2007) apply an overall strength reduction to the yield stresses in
the structure to account for HAZ and thus ignore the effect of HAZ on the buckling mode
of the structure. While this makes design simpler, the penalty is presumably a heavier and
more conservative structure. The Ship Structure Committee (SSC-460, 2011) suggested
that the strength penalty for modeling the stiffened panel as all-HAZ material in place of a
combined base/HAZ material model ranged from 10% to 30%. It recommended that
modeling aluminum stiffened panels should explicitly consider the HAZ extent, location,
and strength in place of applying a uniform reduction factor to the strength of the HAZ

material.

In light of the above, this research was motivated to accurately characterize the
welding-induced imperfections including residual stress and distortion fields as well as the
HAZ in aluminum stiffened plates constructed by metal inert gas welding, and to evaluate

the influence of these imperfections on the strength and behaviour of aluminum stiffened
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plates. Tee-bar stiffened plates with varying plate and column slenderness were considered
in this study. A three-dimensional, two-step thermal-structural finite element model was
developed to simulate the welding process and the model was verified with available
experimental results. The model was then used to obtain aforementioned welding induced
imperfections and generate the load vs. shortening curves of the aluminum stiffened plates
under the compressive loading for each geometry. The effect of welding induced
imperfections on the ultimate strength, buckling mode and post-buckling behaviour of the

aluminum stiffened plates were presented and discussed.

5.3 Numerical simulation

5.3.1 General

In this study, the ANSYS program was used in the two-step thermal-structural
nonlinear analysis. In the thermal analysis, the model was meshed with thermal elements
and the time-dependent temperature distribution due to the moving heat source was
obtained. In the subsequent structural analysis, the temperature field time history
calculated from the thermal analysis was applied to the model as a series of thermal loads,
where each load step represented an increment in the position of the traveling heat source
along the weld path. The structural analysis of the model provided the residual stresses and

distortions induced by the welding heat source.

The model consisted of a tee-stiffener and plate assembly with transverse frame

plates welded at each end. A schematic view of the model is shown in Figure 5.1. All

84



materials were made of AA5083-H116, which is widely used in aluminum high speed
vessels. The stiffener was connected to the plate by fillet welds deposited on both sides of
the stiffener. The transverse frames were also joined to the stiffener and plate by fillet
welds. The stiffener was initially attached to the plate by 10 mm long tack welds placed at
both ends as well as in the mid-length of both sides of the stiffener shown as dotted lines
in Figure 5.1. The tack welds were also employed on both ends of the transverse frame
plates. The welding sequence is shown in Figure 5.1. After each of the first and second
weld line, the stiffened plate was allowed to cool down for 30 minutes, and after each
transverse weld line, the stiffened plate was allowed to cool down for 1 minute. After the
welding of all the weld lines was complete, the model was allowed to cool down to the

room temperature. It is assumed in this study that a matching filler metal was used.

Figure 5.1 Model setup and welding sequence
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5.3.2 Meshing and boundary conditions

The finite element meshing pattern for both the thermal and structural models were
the same but with different elements. For thermal analysis SOLID70 thermal element was
used. The element has eight nodes with a single degree of freedom, temperature, at each
node. Its equivalent structural element SOLID185 was used in the structural analysis. This
element has eight nodes, each having three degrees of freedom: translations in the nodal x,
y, and z directions. Finite element meshing of the model is shown in Figure 5.2. A
relatively dense mesh through the thickness of the plate and stiffener was considered in
regions near the weld line in order to accurately represent the temperature gradient. A mesh
convergence study revealed that 12 elements were needed through the thickness of the
plate in regions near the weld line. In the regions away from the weld line the number of
elements through the thickness was reduced to increase the computing efficiency. A
minimum of four elements was considered through the thickness of the plate away from

the weld. The complete model contained approximately 50,000 elements.

Figure 5.2 Finite element meshing of the model
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The boundary conditions applied to the longitudinal edges of the plate were
representative of the level of restraint in stiffened panels in ship hull girders. The
longitudinal edges were restrained to remain straight when moving in the plane of the
plating and free to move out of plane of the plating as suggested by Dow et al. (1981). This
was achieved by restraining the rotation of the longitudinal edges about the longitudinal
and vertical axis (Gannon et al., 2012). Simple support boundary conditions were applied
to the ends of the stiffened plate where the centroid of one end was restrained for
displacement in all three directions and the centroid of the other end was restrained for

displacement in transverse and vertical directions.

5.3.3 Material model

Except for the material yield stress, all of the temperature dependent thermal and
mechanical material properties for 5000 series of aluminum were adopted from Zhu and
Chao (2002). The temperature dependent material yield stress was adopted from Eurocode
9 (1998). The temperature dependent heat transfer coefficient was adopted from
Michaleries et al. (1997). A constant value of 0.33 was assumed for the Poisson’s ratio
through the temperature history. The temperature dependent thermal and mechanical

material properties are shown in Figure 5.3.
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Figure 5.3 Temperature dependent material properties for AA5083-H116

A non-linear stress-strain relationship based on Ramberg-Osgood relation was used
to model the AA5083-H116 material as shown in Eqn (5.2). Based on experimental data
presented by Zha and Moan (2001), the 0.2% proof stress, o2, was taken as 215 MPa and

the exponent, n, was taken as 14.

e=Z+ 0.002( i j (5.2)
E

Oz

5.3.4 Heat source and thermal analysis

The heat input for the gas metal arc welding was divided into two parts. One was
the volumetric heat from the molten metal droplets and the other was the surface heat flux
from the welding arc. In this study it was assumed that 60% of the total heat was transferred
to the work piece via the molten metal droplets and the remaining 40% was transferred by
surface heat flux (Pardo & Weckman, 1989). In the surface heat source model, the angle

of the torch was assumed to be normal to the surface of the weld. The heat of the molten
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metal droplets was described using a volumetric heat generation rate with uniform density
and for the heat flux a Gaussian distribution was assumed. The Gaussian distribution is
defined relative to the coordinate system of the traveling heat source and it is expressed as:

G(x, &) = 2L g7 g (53)

2
7ic

where c is the arc radius of the welding arc. Figure 5.4 shows the thermal loads
applied to a group of weld elements representing the deposition of the molten metal
droplets on the work piece at the first thermal load step. In this figure the red elements
represent the newly activated elements with prescribed heat generation rate and the arrows
are the heat fluxes applied to the elements as nodal forces. Heat loss due to the combined
effects of convection and radiation was accounted for by applying a temperature dependant

heat transfer coefficient, shown in Figure 5.3, to all free surfaces of the model.

Figure 5.4 Heat input applied to the welding elements
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5.3.5 Mechanical analysis

In the structural model, the coincidental nodes of the stiffener and plate at the
interface of the plate and stiffener were connected using Combin39 nonlinear spring
elements (Gannon et al., 2011). A high compressive stiffness and negligible tensile
stiffness were assigned to these springs in the direction normal to the plate to prevent the
penetration of the stiffener through the plate and allow the sliding and separation between

the plate and stiffener.

In the structural analysis, the addition of the molten weld metal to the work piece
was modelled using ANSYS element birth and death feature (Playdon and Simmonds
1984). In the beginning of the analysis all of the weld elements were deactivated (killed).
As the heat source (torch) progressed, a user-defined subroutine was used to apply the
calculated temperature field time history at the corresponding time and to query the average
temperature of the weld elements. Those elements whose temperature had fallen below the
solidification temperature were activated again simulating the deposition of the weld
material on the work piece. The weld elements were activated with no strain history and
their reference temperature was set to the solidification temperature to calculate the thermal
strains. The calculated average nodal temperature of each element was then applied to that
element as uniform body force replacing the nodal temperatures of the element. The
application of constant temperature to elements prevented the excessive element distortion

in areas with high temperature gradient and enhanced the solution convergence.
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5.3.6 Development of HAZ

The development of HAZ due to the welding heat input was simulated based on the
maximum temperature the elements experienced during the welding process. Three zones
with different material strengths were defined, i.e., HAZ, semi-HAZ, and base metal zone.
The correlation between the strength in these zones and temperature is summarized in
Table 5.1. In the finite element analysis of both the FSW and MIG welding processes, as
welding progressed the average temperature of elements were queried and the material
properties of those elements were changed corresponding to maximum temperature
according to Table 5.1. This method is consistent with the finding of Sato et al. (1999) and
Terasaki and Akiyama (2003) where it was shown that the aluminum reached its minimum
hardness in the areas that experienced a temperature above the 300 °C to 325 °C during the
welding, and the areas that experienced a temperature between 200 °C and 300 °C obtained

a hardness in between of the minimum hardness and the base metal hardness.

Table 5.1 Material strength with respect to temperature

Temperature % of yield stress of
T base metal
HAZ T >300°C 67
Semi-HAZ 200 °C <T< 300 °C 84
Base metal zone T <200 °C 100
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5.4 Verification of the model

A literature survey yielded scarce experimental results on the welding induced
residual stress and distortions in aluminum stiffened plates. In this study, the capability of
the developed finite element model in simulating the temperature field, residual stress and
distortions in aluminum plates was verified using experimental results obtained by
Masubuchi (1980). In simulation of the fillet welding process in stiffened plates, the
contact condition between the plate and the stiffener during the welding process is a critical
aspect of simulation. In this study, the capability of the model in simulating this contact
condition was verified using the experimental results of Deng et al. (2007a, b) on steel

stiffened plates.

The specimen geometry and welding setup used by Masubuchi (1980) is shown in
Figure 5.5. The plate was 12.5 mm thick and made of AA 5052-H32. The upper

longitudinal edge of the plate was welded by metal inert gas welding (MIG).
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Figure 5.5 Test setup of Masubuchi (1980)

Figure 5.6 compares the temperature history whereas Figure 5.7 compares the
transient vertical deflection and the longitudinal residual stresses, all at the mid-span of the
plate. Both figures show that the finite element model provides reasonably accurate results
in both temperature distribution and the resulted deformation and residual stress for

welding in aluminum plates.
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Figure 5.7 Comparison of transient vertical deflection and longitudinal

residual stress at the middle of the plate

Experimental results obtained by Deng et al. (2007a) were for flat-bar stiffened

plates made of SM400A steel. The plate was 500x500 mm and the stiffener was 500x300
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mm, both having a thickness of 9 mm. Figure 5.8 shows the temperature time-history
calculated by the developed model and the experimental results for points A and B located
at the mid-span of the specimen. Figure 5.9 compares the vertical deflection of the plate at
the mid-span of the specimen. Reasonably good agreement was observed in both figures.

The residual stress distribution was not reported in the experimental study.
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Figure 5.8 Comparison of finite element and experimental results on

temperature time history
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Figure 5.9 Comparison of finite element and experimental results on the

vertical deflection at mid-span of the specimen

Both comparisons demonstrate that when time-dependent material properties for
aluminum is implemented, the model is capable of simulating the welding of aluminum

stiffened plates.

5.5 Parametric study

A parametric study was conducted to study the load vs. shortening behaviour of
tee-bar stiffened aluminum plates under compressive axial loading. The welding-induced
residual stress and distortion as well as the heat affected zone as described in the previous
sections were considered. The load vs. shortening curves for each model were obtained
using a displacement controlled analysis where an axial displacement at the centroid of one
end of the stiffened plate was applied and the reaction at the centroid of the opposite end

was calculated for each increment in displacement. Several stiffened plate geometries were
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selected to cover a range of plate configurations. The non-dimensional geometric
parameters of the plate to be varied were the plate slenderness f and column slenderness

/A, given in Eqn (5.4) and (5.5) respectively:

b
ﬁz;,/ay/E 5.4
A== Jo /E (5.5)

where b, a, t, and r are the width, length, thickness and radius of gyration of the stiffened
plate. g, and E are the yield stress and the Young’s modulus of the material respectively,
which were taken as 215 MPa and 70 GPa for AA5083-H116. Four values of § (1.558,
2.078, 2.493, 3.325) were chosen to include a relatively wide range of plate slenderness,
and for each f value, three values of 4 were studied for short, intermediate and long column
slenderness. Table 5.2 lists geometries of models with symbols defined in Figure 5.10.
Fillet welds of 6 mm were used for the welding of the models. The welding current/voltage
and speed used were in accordance with the American Welding Society’s Guide for

Aluminum Hull Welding (AWS D3.7, 2004).
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Table 5.2 Details of tee-bar aluminum stiffened plate models (all

dimensions in mm)

D a bt he tw by t & B A
1 1000 225 8 100 6 45 8 8 1.558 0.441
2 1000 225 8 70 4 45 6 8 1.558 0.671
3 1000 225 8 50 4 45 6 8 1.558 0916
4 1000 225 6 100 6 45 8 8 2.078 0.423
5 1000 225 6 70 4 45 6 8 2.078 0.631
6 1000 225 6 50 4 45 6 8 2.078 0.860
7 1000 225 5 100 6 45 8 8 2493 0415
8 1000 225 5 70 4 45 6 8 2493 0.609
9 1000 225 5 50 4 45 6 8 2493 0.829
10 1000 300 5 100 6 45 8 8 3.325 0.433
11 1000 300 5 80 4 45 6 8 3325 0.574
12 1000 300 5 50 4 45 6 8 3.325 0.895
te
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Figure 5.10 Tee-bar stiffened plate dimensions
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5.6 Welding induced residual stress and HAZ

It is commonly known that the transverse residual stress is considerably smaller
than the longitudinal residual stress and thus the latter is considered more influential in
design. Welding induced longitudinal residual stresses obtained at the mid-thickness in the
mid-length of the models are shown in Figure 5.11 for the plate and in Figure 5.12 for the

stiffener. Table 5.3 summarises the maximum residual stress values shown in the figures.
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Figure 5.11 Longitudinal residual stress at the mid-thickness of the plate
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Figure 5.12 Longitudinal residual stress at the mid-thickness of the stiffener
Table 5.3 Summary of finite element results for plates and stiffeners
Plate Stiffener
Max. Max. Tensile Longit. Trans. Max. Max. HAZ
1D )i A tensile comp. zone HAZ HAZ tensile  comp. heigh
stress stress width  width  width stress stress cight
(MPa)  (MPa)  (mm) (mm) (mm) (MPa)  (MPa) (™™
1 1.558 0.441 159 39 44 14 24 180 13 11
2 1.558 0.671 162 40 46 13 24 180 9 16
3 1.558 0916 160 40 48 13 24 181 14 18
4 2.078 0423 157 52 54 19 24 180 18 16
5 2.078 0.631 158 55 54 18 24 179 11 22
6 2.078 0.860 162 56 54 18 24 182 14 22
7 2493 0415 156 74 66 24 24 177 30 17
8 2493 0.609 158 79 68 23 24 184 22 24
9 2493 0.829 157 78 68 23 24 181 14 24
10 3.325 0433 163 58 70 24 24 183 18 20
11 3.325 0574 164 59 74 28 24 188 12 24
12 3.325 0.895 166 59 74 28 24 188 15 23
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Overall, numerical results show that tensile residual stresses with a maximum value
ranging from 156 to 166 MPa, equal to 72 to 77% of the yield stress, were present in the
plate and they acted over a width ranging from 22 to 37 mm on either side of the weld line.
There was a rapid transition in the residual stress from tension to compression. The
magnitude of the plate compressive residual stress in all models ranged from 39 to 79 MPa,
which were 18 to 36% of the yield stress. The results of this study is consistent with the

“average” level of tensile residual stress values suggested by Paik et al. (2007).

Figure 5.11 shows that neither the plate slenderness B nor the column slenderness
A had any significant effect on the maximum tensile residual stresses in the plate. The
maximum tensile residual stress averaged at 160 MPa with an overall CV of 2%. The effect
of A on the maximum compressive residual stress and the tensile stress width remained
minimal. However, as the plate thickness decreased from 8 to 5 mm and the resulting plate
slenderness [ increased from 1.558 to 2.493, the increases in the maximum compressive
residual stress and the tensile stress width were 72% and 61% respectively. For a given
weld size and heat input, a thinner plate experiences high temperature during welding in a
wider area around the weld line than a thicker plate. This results in a wider region for
tensile residual stress which in turn would result in higher magnitude of the compressive
residual stress to maintain the stress equilibrium. The comparison of model group 7, 8, 9
and group 10, 11, 12 suggests that the plate slenderness increase as a result of decrease in
the plate thickness had more pronounced effect on the compressive residual stress than that

due to the increase in the plate width.
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The predicted residual stresses in the stiffener as plotted in Figure 5.12 indicate
that, in general, the magnitude of the tensile residual stress developed in the stiffeners was
higher than that of the plate. The magnitude of the tensile residual stresses varied from 177
to 188 MPa for all models which were about 82 to 87% of the yield stress of the AA5083-
H116 material. However, the magnitude of the peak compressive residual stress, ranging

from 9 to 30 MPa, was significantly lower than that of the plate.

The width of the predicted longitudinal HAZ where material experienced
temperature above 300 °C during welding in the stiffeners and plates are also shown in
Table 5.3. Note that as shown in Figure 5.10, the longitudinal HAZ width for the plate
presented in the table is half the total width, measured from the weld line to the extent of
HAZ on either side of the weld whereas the HAZ width for the stiffener is the total width.
Both HAZs are in the longitudinal direction as a result of welding longitudinal stiffeners.
For a given plate slenderness, the effect of column slenderness on HAZ width was
negligible. However, as the plate slenderness 3 increased from 1.558 to 3.325, the HAZ
width also showed a marked increase, from 13 to 28 mm. In particular, the HAZ width
ranged from 18 to 28 mm in models having a plate thickness of 5 or 6 mm and for models
having a plate thickness of 8 mm the HAZ width was about 13 to 14 mm. It should be
pointed out that the HAZ also formed in the transverse direction since the model included
transverse frames welded to the plate. The total HAZ width in the transverse direction was

determined to be 24 mm measured from the edge of the transverse platefor all models.

It is noted that some existing studies adopt a constant value for HAZ width in plates

measured from the weld line on either side of the weld. For example, Mazzolani (1995)
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suggested a value of 25 mm whereas Specifications of BS8118 (1999) and Eurocode 9
(1999) suggested a value of 18 and 30 mm respectively for the aluminum plates with 6 mm
thickness. Paik et al. (2007) suggested a value of 23 mm, for the “average” level of HAZ,
regardless of the plate geometry. However, the results obtained in this study show that the
HAZ width is dependent on the plate slenderness and for plates with a thickness of 6 mm
and above, the value suggested by Paik et al. (2007) overestimates the HAZ width. For
plate with a thickness of 5 mm, the above mentioned studies provide more or less

reasonable estimates.

5.7 Welding induced distortion

Figure 5.13 shows the welding induced vertical distortion in the transverse
direction in the mid-length of the stiffened plate. All models exhibited a “hungry horse”
shape distortion which is typical of welded ship structures. For a given plate slenderness,
an increase in the column slenderness resulted in an increase in the vertical distortion as
seen in the comparison within each model group with a constant 3. For a given column
slenderness, the thinner the plates, the larger the distortion, as shown in the comparison of
models 1, 4 and 7. It is also observed that for a given plate thickness, increasing the plate
width decreased the vertical distortion of the plate as can be seen in the comparison of
models 7 and 10. Overall, the maximum value of the vertical distortion at the mid-width
of the plate was 2.5 mm and occurred in model 9. The maximum relative distortion between

the mid-width of the plate and its edge was 1.4 mm and occurred in model 10.

Figure 5.14(a) shows the vertical distortion in the longitudinal direction at the mid-

width of the stiffened plate. They showed a half-sine wave pattern for all models, which
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was similar to experimental results for steel stiffened plates (Dow, 1991). A thin and long
plate attained a greater distortion than its thicker and shorter counterparts. The maximum
value of longitudinal distortion was around 2.5 mm. The welding induced lateral distortion
measured at the top of the web of the stiffener for models 4 to 6 and 10 to 12 in the
longitudinal direction of the plate are shown in Figure 5.14(b). All stiffeners exhibited a
more or less sinusoidal distortion pattern and the magnitude of the distortion was
negligible. The maximum lateral distortion of the stiffener occurred in the mid-length of
model 11 which was less than 0.5 mm. For models 1 to 3 and 7 to 9, a similar trend was

observed and thus were not plotted for clarity.

The Ship Structure Committee (SSC-460, 2011) assumed 2 mm of deflection for
both the plate and stiffener regardless of the stiffened plate geometry in the finite element
simulation of tee-bar aluminum stiffened plates. Results of this study show that the SSC-
460 value is reasonable for the plates but conservative for the stiffeners. Paik et al. (2007)
suggested a value of 0.0018a for the “average” level of the magnitude of maximum vertical
deflection in the plate mid-width and a relative distortion of 0.096/°¢ for the “average”
level of the magnitude of the relative deflection between the plate mid-width and the plate
edge. For the geometries considered in this study, these would result in a maximum
distortion of 1.8 mm for the plate mid-width, and a maximum relative distortion of 2 to 5
mm between the plate mid-thickness and its edge. They also suggested a magnitude of
0.001a for the “average” level of maximum sideways distortion of stiffeners which results
in 1 mm of deflection. When compared with results from this study, the value for the
maximum vertical deflection in the plate mid-width suggested by Paik et al. (2007) is in

agreement while those suggested for the relative distortion of the plate and the sideway
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distortion of the stiffener would be conservative. This might be a result of the different
boundary conditions used in this study and the study of Paik et al. (2007). In this study the
boundary conditions of the ship hull were simulated at the longitudinal edges, whereas the

longitudinal edges in the study by Paik et al. (2007) were considered to be free.
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5.8 Behaviour under compressive loading

The behaviour of aluminum stiffened plates under compressive loading was studied
through load vs. shortening curves. Models were analyzed in three categories: [1] models
with residual stresses and HAZ incorporated; [2] models without the HAZ but with residual
stresses; and [3] models without residual stresses but with the HAZ. Note that the HAZ in
these cases included both longitudinal and transverse HAZ. Table 5.4 provides the results
for the ultimate strength and the buckling mode of each model analyzed in three categories.
Also included in the table are the ultimate strength predicted using the analytical method
provided by DNV Rules for Classification of High Speed, Light Craft and Naval Surface
Craft (2013) and empirical formula (Eqn (5.1)) for aluminum stiffened plates suggested by
Paik et al. (2007). In the case of DNV Rules [9] the ultimate strength was calculated once

by using the yield stress of the base material and again by using the yield stress of the HAZ.

106



Table 5.4 Ultimate strength predictions and buckling modes

Normalized ultimate strength

[1] [2] [3] Coll. DNV with DNV with Eqn. (1)
D B With ~ WithRSbut ~ With HAZ but g, HAZmaterial — base material = p oo/ s
RSand  without HAZ without RS (%] (%]
HAZ
1 1.558 0.441  0.845 0.848 (0.4%)  0.864 (2.2%) v 0.646 (-23%)  0.947 (+12%)  0.665 (-21%)
2 1.558 0.672 0918 0.930 (1.3%)  0.940 (2.4%) I 0.593 (-35%)  0.830 (-10%)  0.573 (-37%)
3 1.558 0916 0.791 0.816 (3.2%)  0.795 (0.5%) I 0.588 (-26%)  0.818 (+3%)  0.473 (-40%)
4 2078 0423  0.805 0.854 (6%) 0.889 (10.5%) I 0.643 (-20%)  0.943 (+17%)  0.631 (-21%)
5 2078 0.631 0.769 0.783 (2%) 0.871 (13.2%) I 0.535 (-30%) 0.699 (-9%) 0.570 (-26%)
6 2078 0860 0704 (738 4.7%)  0.767 (8.8%) I 0.533 (-24%)  0.699 (-0.7%)  0.491 (-30%)
72494 0415 0757 (835(10.2%) 0.837 (10.5%) III 0.644 (-15%)  0.944 (+24%)  0.598 (-21%)
§ 2494 0609 0676  (735(8.7%) 0.786 (16.3%) I 0.475 (-30%)  0.568 (-16%)  0.557 (-17%)
9 2494 0.829 0.600 0.618 (3%) 0.687 (14.3%) I 0.476 (-21%) 0.568 (-5%) 0.493 (-18%)
10 3325 0433 0.632 0.696 (10%)  0.628 (-0.5%) III 0.644 (+2%)  0.944 (+49%)  0.530 (-16%)
11 3325 0574 0571 0.625 (9.5%) 0.583 (2%) I 0.325 (-43%)  0.325 (-43%) 0.517 (-9%)
12 3325 0895 0.480 I 0.324 (-32%)  0.326 (-32%) 0.463 (-3%)

0.503 (5%)

0.520 (8.5%)

Note: Values in the bracket were percentage increase/decrease compared with category
[1] values

5.8.1 Failure mode

Four buckling modes were observed in the models. These were: I) beam-column

type buckling; II) plate buckling; III) stiffener induced collapse by web buckling; and IV)

stiffener induced collapse by tripping. As shown in Table 5.4, most models failed in the

plate buckling mode (mode II) and stiffener induced collapse by web buckling (mode III).

Examples of these buckling modes are shown in Figure 5.15. Models with greater stiffener

height exhibited a stiffener induced collapse by the stiffener web buckling mode (mode

[IT). This was usually accompanied by the buckling of the plate immediately after. As the

stiffener height decreased, and consequently column slenderness A increased, the models

tended to fail in a plate buckling mode (mode II). Models 1 to 3 have the lowest plate

107



slenderness (< 2) but with stiffener geometries comparable to the other models. They
exhibited failure modes that were not observed in models 4-12. Model 1 with the greatest
stiffener height and lowest column slenderness 4 among the three, failed by stiffener
tripping, which is the least desirable due to its abrupt reduction in resistance beyond the
ultimate load. As the column slenderness A increased, the failure mode shifted to plate
buckling as in model 2. A further increase in the column slenderness resulted in a failure

mode change to beam-column buckling as in model 3.

(a) (b)

Figure 5.15 Post ultimate deformed shapes (a) buckling mode III (Model 4);
(b) buckling mode II (Model 5)
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5.8.2 Ultimate strength

Figure 5.16 shows the finite element ultimate strength versus the plate slenderness,
p. For category [1] models with both residual stress and HAZ incorporated, the ultimate
strength decreased by as much as 47% as the plate slenderness increased from 1.558 to
3.325. It also shows that for a given plate slenderness, an increase in the column
slenderness A from 0.423 to 0.860 resulted in an average strength reduction of as high as

40%.

When compared with category [1] models, category [2] models where residual
stress is incorporated but HAZ is ignored, show the overestimation in ultimate strength
varying from 1 to 10% (shown in the bracket in Table 5.4) with the maximum averaged
overestimation (8.2%) occurred in models with plate slenderness of 3.325. For category
[3] models where the residual stress is ignored but HAZ is incorporated, the overestimation
is around 0 to 16% with the maximum averaged overestimation (13.7%) occurred in
models with plate slenderness of 2.493. It is also observed in both Table 5.4 and
Figure 5.16 that when the plate slenderness is low (1.558), the effect of both HAZ and
residual stress on the ultimate strength was small and as the plate slenderness increased,
their effect on the ultimate strength reduction increased and reaching the maximum effect
at slenderness of 3.325 and 2.493 respectively. The magnitude of the ultimate strength
reduction as a result of HAZ is dependent on the width of the HAZ developed by each
model. An increase in the plate slenderness resulted in an increase in the plate HAZ width
which reached a maximum value at a plate slenderness of 3.325. Thus the maximum
reduction in the ultimate strength occurred in the model group with a plate slenderness of

3.325. Table 5.4 shows that the magnitude of the reduction was also affected by the column
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slenderness and the buckling mode. For a given plate slenderness, the model with the
lowest column slenderness and failing by stiffener induced web buckling (mode III), had
the highest reduction in ultimate strength due to the presence of the HAZ. In terms of the
residual stress effect on the ultimate strength reduction, the magnitude of the residual
compressive stress is believed to be a main contributor. The magnitude of the compressive
residual stress reached a maximum at a plate slenderness of 2.494 where the highest
reduction in the ultimate strength in the order of 10.5 to 16.5% was observed. This is
consistent with the findings of Faulkner (1975) and Gannon et al. (2011) on steel stiffened
plates where the effect of residual stress on the ultimate strength was found to reach a
maximum at a certain plate slenderness. In those studies, the maximum ultimate strength

reduction due to residual stress was observed to occur for plate slenderness of 2.5 and 1.9,

respectively.
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It is noted that both longitudinal and transverse HAZs were present in the model
and thus both contributed to finite element strength values presented in the table. To
investigate the effect of transverse HAZ on the ultimate strength of the aluminum stiffened
plates, models 4, 7 and 10 were analyzed again with the residual stress and longitudinal
HAZ but without transverse HAZ. The obtained results revealed that the transverse HAZ
at the location of transverse frames was a primary contributor of the reduction in the
ultimate strength. For models 4, 7, and 10, percentages of the total reduction caused by the
transverse HAZ were 40, 85 and 87% respectively. It suggests that the higher the plate
slenderness, the higher contribution of the transverse HAZ to the overall reduction due to

HAZ.

The comparison of ultimate strength obtained using DNV Rules for Classification
of High Speed, Light Craft and Naval Surface Craft (2013) for the presented failure mode
and the finite element results of category [1] models shows that overall, when the HAZ
material yield stress was used in the calculations, DNV underestimates the ultimate
strength of the aluminum stiffened plates in the range of 15 to 43% (in bracket) with a
mean of 27%. However, when the base material yield stress was used in the DNV
calculations the results underestimated and overestimated the ultimate strength obtained
by finite element analysis by as much as 43% and 49%, respectively, with an absolute
average of 18%. The formula (Eqn (5.1)) for the ultimate strength developed by Paik et al.
(2007) was shown to underestimate the finite element results in the range of 3 to 40% with
a mean of 21%. It should be pointed out that this formula resulted in similar discrepancies
in comparison with the experimental ultimate strength results obtained by Paik et al.

(2007).
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The underestimation of the ultimate strength calculated by DNV (2013) was
mentioned by The Ship Structure Committee (SSC-460, 2011) and it was attributed to the
approach in this design code regarding the consideration of the presence of HAZ where a
blanket strength reduction is applied to the allowable stresses. The Ship Structure
Committee (SSC-460, 2011) indicates that while this approach makes the design much
simpler, the penalty is presumably a heavier more conservative structure. The
discrepancies between the results of experimental and numerical methods and the results
calculated by design codes were also observed by other researchers. Aalberg et al. (2001)
compared their experimental results for the ultimate strength of aluminum stiffened plates
with the results obtained from Eurocode 9 (1998). The results indicated that for “L” shaped
aluminum stiffened plates with 1 m length, Eurocode 9 (1998) underestimates the ultimate
strength by 35%. Zha and Moan (2001) also compared their numerical results with the

results obtained by DNV (2013) and noted that “DNV gives very scattered values”.

5.8.3 Load vs. shortening curves

The effect of HAZ on the load vs. shortening curves is examined by comparing
category [1] and [2] models as shown in Figure 5.17 and the effect of residual stress is
examined by comparing category [1] and [3] models as shown in Figure 5.18. In both

figures, models 7 to 9 are used as examples.

Figure 5.17 shows that load vs. shortening responses were not significantly affected
by the HAZ prior to buckling. Its effect was shown in the ultimate load and post-buckling
region where a reduction as high as 10% and a considerably lower strength in the post

buckling region were observed. A similar trend was observed for other models but with

112



different degrees of reduction. It should be pointed out that the obtained results are in line
with the overall magnitude of the reduction in the ultimate strength due to the presence of
HAZ recommended by SSC460 (2011) on the aluminum stiffened plates. However, this
study provided more detailed results on the variation of reduction with respect to the plate

slenderness and column slenderness of the stiffened plates.

—7[1] ----7][2] without HAZ
r 8[1] 8 [2] without HAZ
—91] - - -- 9[2] without HAZ

Normalized stress (6/c,)

0 1 2 3 4 5
Normalized strain (¢/¢,)

Figure 5.17 Comparing of load vs. shortening curves of category [1] and [2]

models 7 through 9
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Figure 5.18 Comparing of load vs. shortening curves of category [1] and [3]
models 7 through 9

In terms of the effect of residual stress, the load vs. shortening curves show that the
presence of residual stresses caused a slight plateau in the curves near the ultimate load
followed by a more gradual unloading portion compared with those models that did not
include residual stresses. Those stiffened plates with no residual stress exhibited a more
sudden and sharper drop in the load-carrying capacity after the ultimate strength was
reached. The welding induced residual stresses only influenced the pre-buckling behaviour
of the stiffened panels near the ultimate load. In the post-buckling part of the analysis, most
models showed little difference whether or not residual stresses were included. These
results are consistent with the behaviour of steel stiffened plates observed by Gordo and

Guedes Soares (1993) and Gannon et al. (2012).

In contrast with other studies where the presence of the HAZ was assumed to be
the main factor in the reduction of ultimate strength and the effect of residual stress was
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negligible, the results of this study demonstrated that in several cases the influence of
welding induced residual stress on the ultimate strength of aluminum stiffened plates can
be more severe than that of the presence of HAZ. In addition, the magnitude of reduction
due to the residual stress obtained in this study was significantly higher than that suggested

by other studies (Zha and Moan 2001, Rigo et al. 2003).

5.9 Conclusions

A three-dimensional, two-step thermo-structural nonlinear finite element analysis
was conducted to simulate the welding induced residual stress and distortion, and heat
affected zone in tee-bar aluminum stiffened plates. The welding of the longitudinal
stiffeners to the plate using metal inert gas welding as well as the welding of the transverse
plates to the plate were simulated. Twelve tee-bar aluminum stiffened plates with various
plate slenderness and column slenderness were considered in this study. The ultimate
strength, buckling mode, post-buckling behaviour as affected by geometric properties as
well as the welding induced residual stress, distortion and HAZ were studied. Some

conclusions stemming from the study are as follows:

1. Maximum tensile residual stress developed in the plate due to welding ranged
between 72 to 77% of the base metal yield stress while the compressive residual
stresses ranged between 18 to 36% of the base metal yield stress. When compared
with the column slenderness, the plate slenderness was shown to have a more
significant influence on the distribution and magnitude of residual stress and HAZ.

An increase in the plate slenderness resulted in an increase in residual stress and
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the tensile stress width. The magnitude of the tensile residual stress developed in
the stiffeners was higher than that of the plate. However, the magnitude of the peak
compressive residual stress was significantly lower than that of the plate.

The total width of the HAZ of the plate in various models ranged between 26 to 56
mm depending on the thickness of the plate, with thinner plates having larger HAZ
width. The height of the HAZ in the stiffeners was observed between 11 and 24

mm.

. All models exhibited a “hungry horse” shape distortion in the transverse direction
and the longitudinal distortions showed a half-sine wave pattern. For a given plate
slenderness, an increase in the column slenderness resulted in an increase in the
vertical distortion. For a given column slenderness, the thinner the plates, the larger
the distortion. Overall, the maximum value of the vertical distortion of all models

at the mid-width was around 2.5 mm.

. For all geometries of tee-bar aluminum stiffened plates considered, the ultimate
strength decreased due to the presence of the longitudinal and transverse HAZ by
as much as 10%. The ultimate strength reduction due to the presence of the residual
stresses was as much as 16.5%.

The comparison with the existing analytical methods shows that the DNV Rules
(2013), on average, underestimated the ultimate strength of aluminum stiffened
plates by as much as 48% with a mean of 27%, whereas the method developed by
Paik et al. (2007) underestimated the finite element results in the range of 3 to 40%

with a mean of 21%.
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6.1 Abstract

Effects of clamping area and welding speed on the development of residual stress
fields in aluminum plates joined by the friction stir welding process were investigated in
this paper. Friction stir welding on two aluminum alloy 6061-T6 plates was simulated in a
three-dimensional, two-step thermo-mechanical analysis using the finite element program
ANSYS. In the simulation, effects of welding tool plunging force, formation of heat
affected zone and clamping fixture release were considered. The finite element results
revealed that the clamping area plays a significant role on the formation and magnitude of
friction welding induced residual stresses. The models with greater clamping areas showed
a 40% lower maximum tensile residual stress in comparison with models with small
clamping areas. Furthermore, for models with small clamping area, the effect of speed on
the magnitude of residual stress was negligible. For models with large clamping area, the
magnitude of maximum tensile residual stress was increased up to about 50% with an
increase of welding speed.
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6.2 Introduction

In recent years friction stir welding has gained an increasing popularity as an
alternative to the conventional fusion welding processes, especially for materials sensitive
to fusion welding such as aluminum alloys. Friction stir welding is an innovative solid-
state joining process introduced by The Welding Institute (TWI) in the early nineties
(Thomas et al., 1991). In a typical friction stir welding process, the workpieces are clamped
firmly to a backing-plate to prevent the lateral movement during the joining process, and
then a rotating cylindrical tool with a pin extending from its shoulder is slowly plunged
into the conjunction of the workpieces until the shoulder is in contact with their top
surfaces. The generated heat due to the friction between the tool and workpiece surface
causes the workpiece to soften into a plasticized state without reaching the melting
temperature of the material. As the tool progresses along the joining line, the plasticized
material is stirred and forged to the other materials in the vicinity resulting in a solid state
joint between the two workpieces. Since the friction stir welding takes place in the
temperature below the material melting point, it reduces defects related to melting and re-
solidification of the materials which are common in fusion welding and thus yields a fine
microstructure, absence of cracking, and no loss of alloying elements (Zhu and Chao,
2004). In turn, the process is expected to result in a significantly lower residual stress and

distortion.

One key characteristic of welding in aluminum plates is the formation of the heat
affected zone (HAZ) around the weld line where the heat treated strength of aluminum is
reduced to a significant degree. For 6000 series aluminum alloys, all the effects of heat

treatment will be lost if the temperature reaches about 300 °C for only a short time (Davis,
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1993; Beaulieu, 2006). After the cooling down period, the strength regained is minimal.
Other values of the temperature for formation of HAZ on 6000 series aluminum alloys
have been reported by Sato et al. (1999) and Terasaki and Akiyama (2003) which were
350°C and 325°C respectively. In addition to HAZ, some researchers further defined a
semi-HAZ zone where the aluminum strength can be assumed somewhere in between the
strength of HAZ and base material. Terasaki and Akiyama (2003) defined that the semi-
HAZ formed in the areas that experienced a maximum temperature between 240°C and
325°C. Chao and Qi (1998) defined a semi-HAZ area where the material reached a

temperature between 200°C and 300°C.

It is well known that the residual stresses due to welding can have a significant
effect on the behaviour and integrity of the welded structure (Gannon et al., 2012) and this
is also true for the friction stir welding. However, different values have been reported for
the friction stir welding induced residual stresses. Some experimental studies showed that
the tensile residual stress due to friction stir welding was about the yield stress of the base
metal (Steuwer et al., 2006; Wang et al., 2000), while others showed that the residual
stresses were substantially lower than the material yield stress (Dalle Donne, 2001;
Webster, 2001; Sutton, 2002). Finite element modeling has also been used to simulate the
friction stir welding process. Chao and Qi (1998, 1999) were among the first to conduct
the finite element modeling of FSW. They developed a moving heat source model for FSW
of 6061-T6 aluminum plates based on a reverse engineering method and studied the
residual stresses caused by thermal effects. However, tooling geometry and plunging force
from the welding tool to the workpieces were not modeled. Zhu and Chao (2004)

developed a 3-D nonlinear thermo-mechanical finite element model to simulate the FSW

119



of 304L stainless steel plate taking into account the changes in the material strength of
HAZ in the finite element simulation. However the plunging force was ignored in the
simulation. Khandkar et al. (2004) used a coupled thermo-mechanical finite element model
to simulate the transient temperature and residual stress in the FSW of aluminum alloys.
Some general findings from the previous mentioned studies showed that the longitudinal
residual stress is the predominant stress and the transverse residual stress is considerably
smaller. The maximum longitudinal residual stress due to welding can range from 50% to
full yield strength of the base material in aluminum plates. However, the development of
HAZ as well as the plunging force were not considered in most previous studies. This was
believed to attribute to the discrepancies reported in these studies between the finite

element and experimental results.

This study was conducted to provide more information on the residual stress
distribution in aluminum plates due to friction stir welding incorporating the effect of HAZ,
mechanical force between the welding tool and the workpiece and clamp fixture release.
Finite element modeling encoded using ANSYS software was used in this study. The
modeling was carried out in a two-step thermal-structural coupled analysis to obtain the
temperature history and residual stress distribution in AA6061-T6 aluminum plates. Two
varying parameters selected in this study were the clamp area and welding tool traveling
speed. They were selected since they can be easily adjusted in practice, and thus
knowledge of their combined effect on residual stress can be of great value in an effort to
optimize the FSW process with respect to residual stresses. Although there are several
studies on the effect of welding speed on residual stress distribution (Riahi and Nazari,

2011; Feng et al, 2004; Lombard et al., 2009; Bastier et al, 2008), these studies only
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considered the welding speed as an independent varying parameter. To the authors’ best
knowledge, there is no available literature examining the effect of clamping area in

combination of welding speed on the residual stresses caused by FSW.

6.3 Numerical simulation

The finite element simulation of FSW process was completed in a two-step
procedure using ANSYS. First, a thermal analysis was performed to obtain the transient
temperature field during the welding. Secondly, the calculated temperature field as well as
the tool plunging force were applied as a series of loads to the model, where each load step
represented an increment in the position of the welding tool. A structural analysis was then

performed to provide the residual stress distribution.

The same meshing patterns were used for both the thermal and structural analysis.
For the thermal analysis SOLID70 thermal element was used, which is an eight-node
element with temperature as the only one degree of freedom at each node. In the structural
analysis SOLID185 structural element was used. This element has eight nodes with three
degrees of freedom at each node: translations in the nodal x, y, and z directions.
Temperature dependent thermal and mechanical material properties for AA6061-T6 were
adopted from Riahi & Nazari (2011) and the temperature dependent heat transfer
coefficient was adopted from Moraitis and Labeas (2008). These properties are shown in

shown in Figure 6.1.
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Figure 6.1 Temperature dependent material properties for aluminum alloy

6061-T6

A typical finite element meshing is shown in Figure 6.2. The highlighted areas

(CW) in the figure represent the areas that were clamped down during the welding. After

the welding was completed and the workpieces were cooled down to the ambient

temperature, the clamps were released gradually allowing the redistribution of the residual

stresses. The release of the clamps was considered in the last step of the structural analysis.
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Figure 6.2 FSW finite element model mesh and boundary conditions

A key component of friction stir welding simulation is the modeling of heat
generation. In this study it is assumed that the heat generated during welding is based on
the contact conditions between the rotating tool and the workpiece surfaces using the
method provided by Schmidt et al. (2004). In their method, the heat was assumed to be
generated at three interfaces including the heat generated at the interface of the tool
shoulder and the workpiece, QOsnouider,, the heat generated by the side surface of the pin,
Obpin,side», and heat generated by the tip of the pin, Qpinsp. The expressions of them are as

follows:

27 (Rpoutder 2
Qshoulder = J. I w r (1+tan a)drd@ (61)

T
contact
0 Jr,,
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Opsic = [ TR, dzdO 6.2)

o contact™ * pin

Qpin,tip = J.OZH J.Orpm @ Tcontactrz drde (63)

where w is the angular velocity, » is the radius of shoulder, zconwcr 1S the shear stress in the
surface, and a is the shoulder cone angle. Hence, the total heat generated in watts (W) by
the friction stir welding Oy, is the combination of the heat generated by the tool shoulder

and tool pin:

Qf = Qshoulder + Qpin,side + Qpin,tip (64)

This total generated heat was modeled as heat fluxes in the corresponding interface
areas, moving with the welding speed. The heat distribution was assumed to be linear with
respect to 7, the distance between the tool centerline to the edge of the shoulder based on
the assumption that the plunging force applied a uniform pressure to the workpiece. The
heat fluxes were applied to the materials under the tool with a distribution given by Chao
et al. (2003):

39,7

(6.5)
27[R3houlder

q(r)=

where Rsnoulder 18 the outside radius of the shoulder of the tool and QOris the total heat input

calculated using Eqn (6.4).

Heat loss from the free surfaces of the workpiece due to combined effects of

convection and radiation was considered using a temperature dependent film coefficient
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(Figure 6.1) on free surfaces of the workpiece (Moraitis and Labeas, 2008). The heat loss

can be evaluated as:
qs:ﬂ(T_T0)+EB(T4_To4) (6.6)

where T} is the room temperature, ¢ is the emissivity of the plate surface and B is the
Stefan-Boltzmann constant which equals to 5.67 <10 *Wwm 2k ~*, and f is the heat transfer

coefficient as given in Figure 6.1.

Since the bottom surface of the aluminum plates are in contact with the backing
plate a higher convection coefficient is required. In the present study, the bottom surface
of aluminum which is in contact with the backing plate is modeled as a convection

condition with a higher convection coefficient and it is evaluated as:

0,=5,(T-T) (6.7)

where £ is the convection coefficient between the workpiece surface and the backing plate

and it is assumed to be 350 1 / m” K based on the work of Chao et al. (2003).

The developed finite element model for thermal analysis was verified with
experimental results of Guo et al. (2014) where a 6 mm thick AA6061 plate was welded
to a 6 mm thick AA7075 plate using friction stir welding. The welding parameters
including the tool geometry, rotational and travel speed, and the plunging force were
provided by the authors so the heat input can be calculated using Eqn (6.4). Figure 6.3
shows the comparison of finite element and experimental temperature history at a location

10 mm away from the welded joint.
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Figure 6.3 Comparison of temperature history profile at 10 mm away from

the weld line

The thermal finite element model was also validated using the experimental results
of Zhu and Chao (2004). The test setup of Zhu and Chao (2004) consisted of 3.18 mm
thick plates of 304L stainless steel welded by FSW. The welding heat input was provided
by Zhu and Chao (2004). Figure 6.4 compares the finite element and experimental results

for the temperature distribution along the transverse direction of the workpiece.
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Figure 6.4 Comparison of temperature distribution along the transverse

direction

A good agreement between the finite element and experimental results is obtained
in both comparisons, indicating that the finite element is capable of simulating the

temperature history and distribution with accuracy.

In the structural analysis, the material strength reduction due to formation of HAZ
was simulated based on the maximum temperature the material experienced during the
welding. This study adopted a similar approach by Chao and Qi (1998) to define three
zones for material strength, i.e., HAZ, semi-HAZ, and base metal zone. The HAZ was
defined as the region where the temperature exceeded 300°C during welding and it was
assigned to have 60% of the yield stress of the base metal. The semi-HAZ was identified
as the region that reached a temperature between 200°C and 300°C and was assigned to
have 80% yield stress of the base metal. Finally, the based metal zone was identified as the
region with temperature below 200°C and thus was assigned to have 100% yield stress of

the base metal. In the finite element modeling of the welding process, as welding
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progressed the average temperature of elements were queried and the material properties
of those elements whose temperature had increased above 300°C and 200°C were changed
to the material properties of HAZ and semi-HAZ respectively, simulating the formation of
HAZ. Those whose temperature remained below 200°C still assumed the properties of base

metal.

In the mechanical modeling, two types of loading were assumed and they were the
transient temperature history calculated in the thermal analysis step and the plunging force
applied to the workpiece by the welding tool. As the welding progressed, a user-defined
subroutine was used to apply the loads from the thermal analysis at the corresponding time,
accompanied with the welding tool plunging force. This subroutine applied the loads to the
model as a series of load steps where each load step represented an increment in the
welding tool position. The plunging force, P, applied to the workpiece by the tool shoulder
was modeled as a uniform pressure moving forward with the speed of welding and it is

expressed as follows:

F
P=—— (6.8)

shoulder

where Agnouider 1 the area at the interface of the tool shoulder and the workpiece.

The structural analysis of the finite element model was verified again with the
experimental results of Zhu & Chao (2004). The thermal results were compared in the last
section. Figure 6.5 shows the longitudinal residual stresses on the cross-section in the mid-
length of the workpiece obtained by the finite element model, before and after the release

of the clamps. Note that the experimental results for the residual stresses before the clamps
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release were not obtained. Also, the finite element simulation results obtained by Zhu &

Chao (2004) are shown in the figure. The finite element developed in this study produced

results comparable to those by Zhu & Chao (2004) but noticeably closer to the

experimental results. It also shows that the welding induced residual stresses decrease

significantly by the release of the clamps. It is concluded that the finite element model

developed in this study can accurately simulate the residual stresses caused by the friction

stir welding process.

Residual Stress (MPa)
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Figure 6.5 Longitudinal residual stress along the cross-section
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6.4 Parametric study

Models of two plates being joined together by friction stir welding process were
developed and the results on the temperature and residual stress distribution were
compared for different clamping area and welding speed. The plates used were 6061-T6
aluminum alloy with 6 mm of thickness. Meshing and dimension symbols of the models
are as shown in Figure 6.2. The plates were assumed to be supported on a backing plate
and clamped down along their length. The clamped width is indicated by CW, and the
unclamped width is indicated by CF as shown in the figure. A convergence study showed
that four elements were necessary through the plate thickness. In the vicinity of the welding
a relatively dense meshing was used in order to accurately represent the temperature and
strain gradients. In the region away from the location of the weld, the temperature gradient
was significantly lower and the mesh was then made less dense to reduce the number of

nodes and thus the time required for solution.

The welding process details used in this study were adopted from the experimental
tests of Guo et al. (2014) where 6 mm thick aluminum plates were joined together by
friction stir welding with the following welding input parameters. The welding tool had a
shoulder diameter of 15 mm and a pin diameter of 5 mm. The tool rotational speed was
1200 rpm with a plunging force of 6 kN. These welding parameters are considered as
standard practice for friction stir welding on aluminum plates. Table 6.1 summarizes the
models used in this study. Four values of CF, i.e., 50, 70, 90 and 125 mm were considered
in the 250x500 mm plates, resulting CF/b ratios ranging from 0.2 to 0.5. The effect of plate
width was considered using 100x500 mm plates (model 7 and 8) and in this case, one value

of CF of 50 mm with CF/b =0.5 was considered. Two welding speeds of 5 and 10 mm/s
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were considered in the 250x500 mm plates with CF values of 50 and 125 mm as well as

the 100x500 mm model.

Table 6.1 Details of finite element models and friction stir welding

parameters
Model a b Welding Speed CW CF
CF/b
No. (mm) (mm) (mm/s) (mm) (mm)

1 500 250 5 125 125 0.5
2 500 250 10 125 125 0.5
3 500 250 5 160 90 0.36
4 500 250 5 180 70 0.28
5 500 250 5 200 50 0.2
6 500 250 10 200 50 0.2
7 500 100 5 50 50 0.5
8 500 100 10 50 50 0.5

6.4.1 Thermal results

Figure 6.6 presents the simulated temperature distribution caused by FSW in the
top surface of the cross-section at the mid-length of the plate for the 100x500 mm and
250x500 mm models. As can be seen, for a given weld speed, there is no noticeable
difference in temperature distribution between the results of the 100x500 mm and 250x500
mm models when they were welded with the same welding parameters. For the speed of 5
mm/s the maximum temperature reached was about 477°C and it was located at weld line

in the top surface of the workpiece. This temperature value was about 130°C less than the
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melting temperature of aluminum alloy 6061-T6 and were within an acceptable range for
FSW process (Chao and Qi, 1998; Riahi and Nazari, 2011). Figure 6.6 also shows that the
area with a peak temperature of 300°C or higher extended up to 9 mm away from the weld
line. This area is considered as the HAZ formed by the FSW process. The figure also shows
that increasing the welding speed decreased the maximum temperature and the HAZ width.
The maximum temperature with a welding speed of 10 mm/s was 392°C as opposed to

477°C and the extent of the HAZ also decreased from 9 to 6 mm.
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Figure 6.6 Temperature distributions along the transverse direction

6.4.2 Residual stress results

6.4.2.1 Effect of release of clamping fixture

After the welding was done and the workpieces were cooled down to the room

temperature, the clamps were released. This resulted in the relaxation and redistribution of

132



the residual stresses. Figure 6.7 shows the longitudinal residual stress distribution at the
mid-length of the workpiece before and after the release of the clamps for models 1, 5 and
7. It can be seen that there is a marked reduction in residual stresses after the release of the
fixture and the degree of this reduction is associated with the extent of the clamping. The
closer the clamping to the weld centerline, the more significant the reduction. For example,
model 1 with a CF of 125 mm (CF/b = 0.5) showed a 10% reduction in the magnitude of
residual stress in the welding centerline after the release of the clamping, and this reduction
was about 36% for model 5 with a CF of 50 mm (CF/b= 0.2). For model 7 whose CF is 50
mm (CF/b = 0.5) but with a narrow plate width of 100mm, this reduction was about 22%.
The comparison between model 1 and 7 shows that the CF extent rather than CF/b ratio is
the deciding factor on the residual stress distribution. The reduction in the residual stress
of the models with smaller CF extent can be attributed to the fact that clamping prevents
the materials in the clamped area from undergoing deformation during the welding, and
after the release of the clamps the strain energy stored in the area releases which leads to
the relaxation of the material. The closer the clamps to the weld line, the more deformation
being restrained during welding, and thus higher energy release and higher relaxation. The
discrepancy between reduction rate of models 5 and 7 suggests that in addition to CF, plate
width also plays an important role. For a constant CF, a shorter plate (model 7) resulted in
less total area being restrained, which corresponded to less energy stored and thus less
relaxation of the residual stresses. The above discussion shows that the fixture release in
the friction stir welding must be considered in the numerical simulation of residual stress.
For the following section, the friction stir welding induced residual stresses were reported

after the models cooled down to the room temperature and the fixtures were released.
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Figure 6.7 FSW induced longitudinal residual stress at mid-length cross

section before and after the fixture release

6.4.2.2 Effect of clamping area

Figure 6.8 shows the variation of the longitudinal residual stresses obtained at the
mid-thickness in the mid-length cross-section within 100 mm around the weld line. All
models in this comparison have a constant welding speed but with varying clamping areas.

As can be seen, the tensile residual stress zone for all models shows a double peak “M”
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shape. For model 1, the developed tensile residual stress at the weld centerline was 160
MPa, which was about the yield stress of the material in the HAZ, and increased to 172
MPa at 7.5 mm away from the weld centerline. It should be pointed out that the two peaks
were located almost on the edge of the welding tool shoulder, which also corresponded to
the HAZ extent in this case. The double peak “M” shape of the longitudinal stress and also
the location of the peaks are in line with other studies (Lombard et al., 2009; Bastier et al,
2008; Buffa et al., 2008). The tensile residual stresses were balanced with the compressive
residual stresses away from the weld line. The maximum compressive residual stress in
model 1 was 12 MPa at about 20 mm away from the weld line, and decreased to 5 MPa at

the edges of the plate.

As shown in Figure 6.8, increasing the clamping extent significantly decreases the
developed tensile residual stresses in the vicinity of the weld line. It seems that the largest
values of tensile residual stress were obtained for the model with the largest CF and thus
smallest clamping width. For the clamping extent studied, the reduction in the maximum
tensile stresses was about 40%. The variation of maximum residual stress magnitude
versus CF extent is further illustrated in Figure 6.9. It shows that the relationship between
the CF extent and the maximum tensile residual stress is not linear. As the CF extent
increased from 50 to 90 mm, the increase in the maximum residual stress was about 48%
while a further increase in CF extent to 125 mm, the increase in the maximum residual
stress was about 3%. It suggests that a further increase in CF extent may not result in
significant increase in the residual stress. The variation in residual stress due to clamping
extent can be contributed to the restraint that clamping exerts on the material. As discussed

earlier, as the clamping area increases, the expansion and contraction of the materials due

135



to welding heat input is prevented in a wider area and thus the misfit between the expanded
and contracted materials is reduced. Hence the materials exhibit lower residual stress
before the release of the clamping, and after the clamping release the material experiences
a higher residual stress reduction as shown in the previous section. The combined effect
results in lower remaining residual stresses than that with smaller clamping area. It should
be noted though that as seen in Figure 6.8, the clamping area does not have significant
effect on the width of the tensile residual stress and the magnitude of compressive residual

stress.

The effect of plate width on the developed residual stresses is shown through the
comparison of model 5 (b =250 mm) and 7 (b =100 mm) in both Figure 6.8 and Figure 6.9.
Both models with CF=50 mm but with different plate width. The results revealed that a
decrease in the plate width from 250 mm to 100 mm resulted in a 10% increase in the
maximum residual stresses from 113 to 124 MPa as well as a significant increase in the
maximum compressive residual stress from 10 to 26 MPa. Comparison of the model 1 and
7 in both figures shows much higher residual tensile stress for the former than the latter.
Noting that both models have same CF/b of 0.5 but different CF extents, this again
indicates that CF extent, rather than the ratio of CF/b is the important factor affecting the

tensile residual stress.
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Figure 6.9 The CF extent versus maximum tensile residual stress
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6.4.2.3 Effect of welding speed

Figure 6.10 shows the effect of welding speed on the residual stress in models with
different plate width and clamping area. It shows that the effect of welding speed on the
residual stress is dependent on the clamping area. In the case of Figure 6.10(a) where two
models are of same plate width and CF of 125 mm, an increase in welding speed did not
result in a significant change in the magnitude of the maximum tensile stress except that
the tensile residual stress was distributed in a narrower region. In the case of Figure 6.10(b)
and 6.10(c) where two models are of same plate width and CF of 50 mm, an increase in
the welding speed resulted in a significant increase in the maximum tensile residual
stresses, reaching the yield strength of the material in the HAZ and the distribution of the
tensile stress was also in a narrower region. It can be concluded that regardless of the plate
width, welding speed shows more pronounced effect on models with large clamping area
than those with small clamping area. This is believed to be attributed to the difference in
the resulted temperature distribution associated with the welding speed. It has been shown
in Section 3.1 where the low welding speed resulted in a wider HAZ around the weld line
than high welding speed. In the case of low welding speed, materials further away from
the weld line experienced temperature increase which resulted in a greater softening area
around the weld line and thus an increase in the width of the HAZ. Hence, in the cooling
stage, the thermal contraction mismatch between the HAZ and adjacent material is
reduced, resulting in an overall reduction in magnitude of the longitudinal residual stress
but a wider tensile stress zone. On the other hand, high welding speed resulted in a
narrower HAZ around the weld line, which led to greater difference in temperature

between the HAZ and adjacent material and thus greater restraint exerted by the adjacent
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material to the HAZ. This ultimately resulted in greater residual stress. In the case of
comparison of model 1 and 2, the tensile residual stress already reached the yield stress of
the material in HAZ, and therefore increasing the welding speed had no significant impact
in the magnitude of the residual stresses. However, because of the fact that a narrower area

experienced the high temperature gradient, the tensile residual stresses formed in a

narrower arca.
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Figure 6.10 Effect of welding speed on the FSW induced longitudinal

residual stress for varying clamping area

139



6.5 Conclusions

A three-dimensional, two-step thermo-mechanical model was developed to
simulate the friction stir welding process. The model was verified with the experimental
results on transient temperature and residual stress. The finite element simulation was then
used to examine and compare the temperature fields, heat affected zone and residual stress
generated during friction stir welding of two aluminum alloy 6061-T6 plates with different
welding speed, and clamping area. Some conclusions stemming from the study are as

follows:

The thermal results indicated that when the welding speed increased from 5 mm/s
to 10 mm/s, the maximum temperature around the weld line decreased from 477°C to

392°C and the width of HAZ decreased from 9 to 6 mm, which was a 33% reduction.

The structural results revealed that for all models studied, tensile residual stress
zone had a double peak “M” shape and the maximum welding induced tensile residual
stress was about the yield stress of the material in HAZ. However, increasing the clamping
area was shown to reduce the magnitude of this stress and the maximum reduction
observed in this study was about 40% when the clamping area to plate width ratio increased

from 0.5 to 0.8.

In the case of the effect of welding speed, the results indicated that welding speed
had more pronounced effect on models with large clamping area than those with small
clamping area. For models with large clamping areas, an increase in the welding speed
resulted in as much as 60% increase in the tensile residual stress and the tensile residual

stress distributed in a narrower region. For models with small clamping area which had a
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tensile residual stress about the yield stress of HAZ, an increases in welding speed did not

result in significant change in the magnitude of the tensile residual stress.

In summary, to reduce the residual stresses due to the friction stir welding, it is
recommended to increase the clamping area and avoid using welding speeds higher than 5

mm/s.
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7.1 Abstract

Effects of metal inert gas (MIG) welding and friction stir welding (FSW) on the
welding induced initial imperfections and buckling behaviour of extruded stiffened
aluminum plates were investigated. The MIG and FSW butt welding process of two
extruded tee-bar stiffened plates made of aluminum alloy 6082-T6 were simulated in a
two-step, thermo-structural analysis using the finite element code ANSYS. The load vs.
shortening responses of extruded stiffened plates subjected to compressive loading were
obtained incorporating the welding induced imperfections. Results revealed that when
compared with MIG welding, the FSW resulted in about 70% less tensile and 82% less
compressive residual stresses in the plate field, and the welding induced distortions of FSW
models were considered negligible. The load vs. shortening curves showed that in the case
of models with low plate slenderness, the FSW increased the ultimate strength by as much
as 9%, while in the models with high plate slenderness, FSW decreased the ultimate
strength by 3% in comparison with models joined by MIG welding.
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7.2 Introduction

Due to their light weight and corrosion resistant property, aluminum plates have
been increasingly used in high-speed ship building in the marine industry. Aluminum
stiffened panels, constructed through welding, are traditionally used as ship hull girders.
The stiffened panels usually consist of a plate with equally spaced stiffeners welded on one
side, often in combination with intermediate transverse stiffeners or bulkheads. The
stiffeners can be various shapes with flat bar, T-bar and angle bar being a few commonly
used cross-sections. However, recent developments in extrusion technology have provided
attractive alternative for fabricating aluminum stiffened plates. Panels fabricated from
extruded aluminium elements can then be welded together to form the hull girders. Along
with using extruded aluminum elements, new and improved welding methods have also
been developed, which has shown to lead to significant improvements in geometric
tolerances, increased structural efficiency and reduced costs (Aalberg et al. 2001). One of
the new methods of joining which is gaining increasing popularity is friction stir welding
(FSW). FSW is a solid-state joining technology invented by The Welding Institute (TWI)
in 1991. The solid-state nature of FSW results in a weld with fine microstructure, absence
of cracking and solidification defects (Zhu and Chao, 2004), and inherently produce a weld

with less welding induced imperfections in comparison with conventional fusion welding.

One key characteristic of welding in aluminum stiffened plates, either joined by
FSW or conventional fusion welding, is the formation of the heat affected zone (HAZ)
around the weld line where the heat treated strength of aluminum is reduced by as much

as 60%. For 6000 series aluminum alloys, all the effects of heat treatment will be lost if
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the temperature reaches about 300 °C for only a short time (Davis, 1993; Beaulieu, 2006).
The strength regained after the cooling down period is minimal. Other values of the
temperature for formation of HAZ on 6000 series aluminum alloys have been reported by
Sato et al. (1999) and Terasaki and Akiyama (2003) which were 350 °C and 325 °C
respectively. In addition to HAZ, some researchers further defined a semi-HAZ zone where
the aluminum strength can be assumed somewhere in between the strength of HAZ and
base material. Terasaki and Akiyama (2003) defined that the semi-HAZ formed in the areas
that experienced a maximum temperature between 240 °C and 325 °C. Chao and Qi (1998)
defined a semi-HAZ area where the material reached a temperature between 200 °C and

300 °C.

The design of the stiffened plates are mainly based on their ultimate strength and
behaviour subjected to compressive loading. Previous studies have shown that the welding
induced imperfections such as residual stress, distortions and material strength reduction
in HAZ had marked effect on the ultimate strength of aluminum stiffened plates. Zha and
Moan (2001) studied the effects of metal inert gas (MIG) welding on the ultimate strength
of welded flat-bar aluminum stiffened plates using the experimental tests and finite element
analysis. They found that there was a 10 to 15% reduction in the ultimate strength of the
aluminum stiffened plates due to the presence of the HAZ but the effect of residual stresses
on the ultimate strength was negligible. Rigo et al. (2004) conducted a finite element study
on the effect of MIG welding induced imperfections on the ultimate strength of the angle-
bar aluminum stiffened plates, including the extruded stiffened plates. The results revealed
that in the case of the extruded stiffened plates, the presence of the welding induced
residual stress increased the ultimate strength. Paik et al (2007) used experimental and
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numerical study to investigate the behaviour of aluminum stiffened plates under
compressive loading. Seventy-eight prototype aluminum stiffened plates, with stiffeners
welded to the plates using MIG welding, were tested. The results were used to characterize
the residual stress and distortion as well as HAZ into three categories of imperfections as
“light”, “average”, and “severe”. In all aforementioned numerical studies, welding was not
directly modelled, and simple idealization for residual stress and distortion distribution and

heat affected zone was assumed and used in the modelling.

The literature survey yielded limited technical information on the effect of friction
stir welding process on the behaviour of aluminum stiffened plates under compressive
loading, especially for marine applications. Murphy et al. (2007) used finite element
modeling to study the effect of friction stir welding on the static strength of stiffened panels
typical of aircraft structures. Results indicated that initial skin buckling was predominantly
influenced by the welding induced imperfections while the ultimate collapse performance
was less sensitive to the welding imperfections. However, the friction stir welding process
was not directly simulated and the welding induced imperfections were assumed and
applied to the structure. Paulo et al. (2014) studied the influence of friction stir welding
induced residual stresses on the strength of aluminum plates subjected to compressive
loading using finite element simulation. A prescribed HAZ width was assumed in the
modeling. The residual stresses were measured in an experimental test using the counter
method and the obtained results were mapped in the finite element model. Three different
values of initial deflection were considered. They concluded that the plate behaviour and

collapse load were significantly affected by the residual stress and distortions.
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Overall, the research on the effect of welding induced imperfections either by FSW
or MIG welding on the aluminum stiffened plates is limited and the modelling technique
used in previous numerical studies were simplified and thus may not be able to accurately
capture the effect of welding induced imperfections. In light of growing popularity of
FSW and a general lack of technical information on the effect of welding induced
imperfections, a thorough study on the effect of welding induced imperfections by FSW
and conventional MIG welding on the ultimate strength of aluminum stiffened plates is
needed. In this study both the FSW and MIG butt welding process of AA6082-T6 extruded
stiffened plates typical of ship structures were simulated using finite element code ANSYS.
The models for both FSW and MIG welding were subsequently validated using the
experimental results available in the literature. Following the simulation of welding
processes, compressive loading was applied to the extruded aluminum stiffened plates
fabricated using either methods to obtain the load vs. shortening curves. A parametric study
was then carried out to investigate and compare the effect of the fabrication methods on
the welding induced imperfections as well as buckling behaviour and ultimate strength of
the stiffened plates under compressive loading. To the best knowledge of the authors, this
is the first time that the FSW process was simulated and the welding induced residual
stress, HAZ and distortions were directly used in the structural analysis of the structures

fabricated by this welding method.
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7.3 Numerical simulation

The model consisted of two extruded tee-bar aluminum plates weld-connected at
their longitudinal edges by either FSW or MIG. The plates were made of AA6082-T6,
which is widely used in the construction of aluminum high speed vessels. The simulation
of both the FSW and MIG processes were carried out in a two-step thermo-mechanical
nonlinear analysis using ANSYS. In the first step, the moving thermal loads caused by the
FSW and MIG processes were simulated and applied to the model and a nonlinear transient
thermal analysis was performed to determine the temperature field history. The HAZ was
then determined based on the temperature gradient for the welded plates. In the second
step, the obtained temperature distribution history was applied to the model as a series of
load steps, where each load step represents an increment in the position of the welding tool.
Note that in the second step of FSW process, both the temperature distribution history and
the plunging force from the rotating tool were applied to the model. The structural analysis
of the model provided the residual stresses and distortions induced by the welding heat
source. The same meshing patterns were used for both the thermal and structural analysis
but with different elements. The SOLID70 eight node thermal element was used in the
thermal model whereas its equivalent structural element SOLID185 was used in the
structural model. A typical finite element mesh is shown in Figure 7.1 for both MIG and
FSW models. As can be seen, a relatively dense meshing were used in the vicinity of the
weld line. In the regions away from the weld line the density of the mesh is reduced to

decrease the number of degrees of freedom and thus the time required for the analysis.
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(b)
Figure 7.1 Typical meshing pattern of (a) MIG and (b) FSW finite element

models

Temperature dependent thermal and mechanical material properties were
incorporated in the model. The thermal material properties required were density, specific
heat and thermal conductivity, and the mechanical material properties included Young’s
modulus, yield stress and thermal expansion coefficient. A constant value of 0.33 for the
Poisson’s ratio was considered over the temperature history. Except for the material yield

stress, all of the temperature dependent thermal and mechanical material properties for
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6000 series of aluminum were adopted from Riahi & Nazari (2011). The yield stress
variation over the temperature history for AA6082-T6 was adopted from Eurocode 9
(1998). The temperature dependent heat transfer coefficient for 6000 series of aluminum

alloys was adopted from Moraitis and Labeas (2008). These properties are shown in shown

in Figure 7.2.

300
~a2s5 T 260 f--es
o5 It S0 b g
g * 2 F ASE s
B il giwm} T
ST s | 225140 } N
=5 S % §2 g N
< 28 o 1 L micmmmmmmmmmmmmmmTTT R 5 N
zez g 1 pT c §§§100 E N
2z 4 - - ZzE 60 F \
g & 8 0.5 - h —————— 0 g — o S
3“ S N >§ g 20 b
Q 0 L L L J E_ZO L L L 3
25 125 225 325 425 25 125 225 325 425
Temperature °C Temperature °C
(a) (b)

Figure 7.2 Temperature dependent material properties for aluminum alloy

6061-T6 (a) thermal properties (b) mechanical properties

The material model used was Ramberg-Osgood model of the non-linear stress-

strain relationship for the AA6082-T6 as defined in the following:

o o !
e=—+0.002] — 71
d [ ] .

002
Based on the experimental work of Zha and Moan (2001) on the AA6082-T6, the 0.2%

proof stress, 0y, , was taken as 260 MPa and the exponent, n, was taken as 46.
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In the finite element simulation, the material strength reduction in the HAZ was
simulated based on the peak temperature the material experienced during the welding.
Similar to concepts used by Chao and Qi (1998), it was assumed in this study that the weld
area was divided into three zones, i.e., HAZ, semi-HAZ, and base metal zone. In the finite
element analysis of both the FSW and MIG welding processes, as welding progressed the
average temperature of elements were queried and the material properties of those elements

were changed corresponding to the maximum temperature according to Table 7.1.

Table 7.1 Material strength with respect to temperature

Temperature % of yield stress of
T base metal
HAZ T >300°C 53
Semi-HAZ 200 °C <T< 300 °C 77
Base metal zone T <200 °C 100

7.3.1 Finite element simulation of MIG welding

The simulation of the MIG welding process was carried out in a two-step thermal-
structural nonlinear analysis. In the thermal analysis, the moving heat source was
developed where the 60% of the total heat input of welding was assumed to be transferred
to the workpiece via the molten metal droplets. This was simulated by applying a
volumetric heat generation rate to the weld elements. The remaining 40% was assumed to
be transferred via the surface heat flux. A Gaussian distribution with an arc radius of 5 mm

was considered for the heat flux. The total heat input of the welding can be calculated as:

O=nvi (7.2)
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where V is the arc voltage, / is the arc current, and # is the arc efficiency factor which is
0.85 for CO; gas metal arc welding. User-defined macros were developed using ANSYS
parametric design language (APDL) to model the movement of the heat source and the
deposition of the molten metal droplets on the workpiece. Heat loss due to the combined
effects of convection and radiation was accounted for by applying a temperature dependent

heat transfer coefficient (Figure 7.2) on the free surfaces of the work piece.

In the structural analysis, the temperature field history calculated in the thermal
analysis were applied as a series of thermal loads where each load step represented an
increment in the weld deposition. The deposition of the weld droplets on the workpiece
was simulated using the ANSYS element birth and death feature. In the beginning of the
analysis all of the weld elements were deactivated (killed). As the welding torch progressed
a user defined subroutine was implemented to apply the calculated temperature field in the
corresponding time and to query the average temperature of the deposited weld elements
after the weld torch. Those elements whose temperature fell below the solidification
temperature were activated again, representing the deposition of the weld elements on the
workpiece. The solidification temperature for AA6082-T6 was set as 555 °C. The weld
elements were activated with no strain history and their reference temperature was set equal

to the solidification temperature to calculate the thermal strains.

To check the validity of the developed model for MIG welding process, the
experimental results of Masubuchi (1980) were used. The geometry and welding
configuration of the test are shown in Figure 7.3. The welding parameters and material

properties were given by Masubuchi (1980). The plate was 12.5 mm thick and made of
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AAS5052-H32. The plate was simply supported in both ends and the upper longitudinal

edge of the plate was welded by MIG welding.

y -
) #1
® #2
® 4 152.4 mm
] #4
v
610 mm % 610 mm

Deflection

Residual stress
measured here

measured here

Figure 7.3 Test setup of Masubuchi (1980)

The calculated results for the temperature history is compared to the experimental
results in Figure 7.4. Furthermore, the obtained structural results for the vertical deflection
at the mid-point of the plate as well as the longitudinal residual stresses in the middle cross-
section of the plate are compared to the experimental results in Figure 7.5. The figures
show that the results obtained by the developed finite element model compare well with
the experimental test results, and the finite element model can simulate both the
temperature distribution and the resulting deformation and residual stress with reasonable

accuracy.
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Figure 7.5 Comparison of transient vertical deflection and longitudinal

residual stress at the middle of the plate
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7.3.2 Finite element simulation of FSW

The key component in the simulation of the FSW process is the modeling of heat
generation. In this study it was assumed that the heat was generated during the process
based on the contact condition between the rotating welding tool and the workpiece using
the method provided by Schmidt et al. (2004). The heat was assumed to be generated at
three interfaces. These were the heat generated at the interface of the tool shoulder and the
workpiece, Osnouider; the heat generated at the interface of the pin side surface and the
workpiece, Opinside, as Well as at the tip of the pin and workpiece, Qpin rip. The expressions

for each of them were given by Schmidt et al. (2004) as:

27 (Rpoutder 2

Qshoulder = J:) J.R @ Twnlactr (1 +tan a)drde (73)
27 (hpin 2

Qp[n,s[de = J.O J.O @ TcontactRpm dng (74)

27 T pin
Qpin,tip = L L @ Tcontact r ? drdg (7 . 5)

where @ is the angular velocity, r is the radius of shoulder, zconuc: 18 the shear stress in the
surface, and « is the shoulder cone angle. Consequently, the total heat generated in Watts
(W) by the FSW process 0y, is the summation of the heats generated in each interface of

the welding tool and workpiece:

Qf = Qshoulder + pin,side + pin,tip (76)

The generated heat was modeled as the heat fluxes applied to the interface of the

welding tool and workpiece, moving forward by the speed of the welding. A linear
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distribution with respect to r, the distance between the tool centerline to the edge of the
shoulder, was considered for the generated heat, based on the assumption that the welding
tool applies a uniform plunging force to the workpiece. The expression for the heat
distribution was given by Chao et al. (2003) as follows:

30,r
27R?

shoulder

q(r) = (7.7)

where Rsnouder 18 the outside radius of the shoulder of the tool and Qris the total heat input

calculated using Eqn (7.6).

Heat loss from the free surfaces of the workpiece due to the combined effects of
convection and radiation was accounted for by applying a temperature dependant

convection coefficient to all free surfaces of the workpiece. It can be evaluated as:
qs:ﬂ(T_T0)+gB(T4_T04) (7.8)

where T is the room temperature, £is the emissivity of the plate surface and B is the Stefan-
Boltzmann constant which equals to 5.67x10®wm k™, and S is the heat transfer coefficient
as given in Figure 7.2. As the bottom surface of the workpiece was in direct contact with
the backing plate a higher convection coefficient was assumed for modeling the heat loss

from the bottom surface with an expression as:

Qb — IBb (T — To) (7.9)

where S5 is the convection coefficient between the workpiece surface and the backing plate

and it was assumed to be 350 W / m> K based on the work of Chao et al. (2003).
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In the structural analysis, two types of loading were considered. One was the
temperature field history calculated in the thermal analysis, and the other was the plunging
force applied to the workpiece by the welding tool. A user defined sub-routine was
developed to apply the temperature field from the thermal analysis accompanied with the
plunging force in the corresponding times as a series of load steps, where each load step
represented an increment in the location of the welding tool. The pressure, P, due to the
plunging force applied to the workpiece by the tool shoulder was modeled as a uniform

pressure moving forward with the speed of welding and it is expressed as follows:

F
P=—— 7.10
y (7.10)

shoulder

where Asnouder 18 the area at the interface of the tool shoulder and the workpiece.

For the verification of the FSW finite element model, the thermal results were
compared with the experimental results of Guo et al. (2014) where a 6 mm thick AA6061
plate was welded to a 6 mm thick AA7075 plate using friction stir welding. The welding
parameters including the plunging force, welding tool rotation and traveling speed as well
as the geometry and temperature dependant material properties were provided in the
referenced paper. Figure 7.6 shows the comparison of temperature history measured at 10
mm away from the weld line where a good agreement between the finite element model

and the test results was obtained.
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Figure 7.6 Comparison of temperature history profile at 10 mm away from

the joint

Furthermore, the models were also verified using the experimental test results of
Zhu and Chao (2004) where 3.18 mm thick plates of 304L stainless steel were welded
together by FSW. The welding heat input was provided by Zhu and Chao (2004).
Figure 7.7 shows the longitudinal residual stresses on the cross-section in the mid-length
of the workpiece obtained by the experimental tests and the developed finite element model
after the release of the clamps. Note that no experimental results were available for the
residual stress distribution before the release of the clamps. The finite element residual
stresses before the release of the clamps were also shown. Also included in the figure are
the numerical results of Zhu and Chao (2004). The figure shows that the finite element
model developed in this study provided reasonably accurate results of welding induced
residual stresses after the clamp release. Although the experimental results of residual

stress distribution before the clamp release was not available, judging from the fact that
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the model developed in this study also compared well with that developed by Zhu and

Chao (2003), it is reasonable to deduce that the model developed herein is capable of

accurate simulation of the FSW process. It is also noted that the residual stresses reduced

significantly after the release of the clamps.
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Figure 7.7 Longitudinal residual stress along the cross-section

7.4 Comparison study on FSW and MIG welding

A comparative study on the FSW and MIG welding processes was conducted on

two extruded tee-bar aluminum stiffened plates joined together by either welding process.

The study included two comparative aspects where welding induced HAZ, residual stress

and distortion fields as well as load-shortening curves, ultimate strength, and post-buckling
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behaviour of models from both welding methods were studied and compared. The stiffened
plates considered were made of AA6082-T6 with a 6 mm thickness. The meshing of the
models can be referred to as in Figure 7.1. The welding process of the MIG models were
carried out in both sides of the plate. After the MIG welding of the first side was finished
the model was allowed to cool down for half an hour, and after the welding of the other
side the models were allowed to cool down to the room temperature. The MIG welding
parameters, voltage, current and welding speed were adopted from JF Lincoln Arc Welding
Foundation (2000). The FSW process parameters were adopted from the test results of Guo
et al. (2014) where standard values of welding tool rotational speed of 1200 rpm with a

traveling speed of 5 mm/s were suggested.

The plate geometry was varied through the plate slenderness f and the beam-

column slenderness 4 as given in Eqn (7.11) and (7.12) respectively.

b
ﬁ=;\/0y/E (7.11)
1=2L o TE (7.12)

wr

where b, a, and ¢ are the width, length, and thickness of one plate; and 7 is the radius of
gyration of the plate. For AA6082-T6, the yield stress, g,, and Young’s modulus, E, are
taken as 260 MPa and 70 GPa, respectively. Geometric details of finite element models are
listed in Table 7.2 with key dimensions illustrated in Figure 7.8. The dimension were
chosen to include a range of plate slenderness and beam-column slenderness that would be

encountered in practice.
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Table 7.2 Tee-bar aluminum stiffened plate model dimensions (all

dimensions in mm)

alloy a b b hy tw by I p A

Model
ID1 6082 1000 225 6 100 6 40 8 2.285 0.423
ID2 6082 1000 225 6 55 4 40 6 2285 0.867
ID3 6082 1000 300 6 100 6 40 8 3.047 0.490
ID4 6082 1000 300 6 60 4 40 6 3.047 0.869
—— br——»
A
tr
A 4
A
tw
< hy
A 4
A
Y tp
” b -

Figure 7.8 Tee-bar stiffened plate dimensions

Boundary conditions representative of the level of the restraints applied to stiffened
plates in ship hull girders were considered. Simple support conditions were applied to both
ends of the extruded stiffened plates. The centroid of each extruded stiffened plate at one
end was restrained for displacements in all three directions and the centroid at the other
end was restrained against the displacements in transverse and vertical direction. The

longitudinal edges of the plates were restrained to remain straight when moving in the
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plane of the plating and free to move out of the plane of the plating as suggested by Dow
et al. (1981). This was achieved by restraining the rotation of the longitudinal edges about

the longitudinal and vertical axis (Gannon et al., 2012).

7.4.1 Thermal results and HAZ

Figure 7.9 shows the distribution of the temperature field obtained at both the mid-
thickness and top surface of the mid-length cross-section of the plate for model 1 when the
welding tool reached the cross-section. Note that the remaining three models showed
practically the same temperature field history in their respective FSW and MIG welding
method, and thus for clarity they are not included in the figure. As can be seen, the
maximum temperature during the FSW process reached 480 °C and it was located at the
top surface of the workpiece. This temperature was about 75 °C less than the melting point
of AA6082-T6 and was within an acceptable range for the FSW process (Chao and Qi,
1998; Riahi and Nazari, 2011). Furthermore, the heat affected zone where the temperature
reached 300 °C and higher extended about 9 mm from the weld line as shown in Figure 7.9.
In comparison, the figure shows that during the MIG welding process the maximum
temperature reached about 1687 °C which was 1132 °C higher than the melting point of
AA6082-T6. The HAZ due to the MIG welding process extended about 15 mm from the

weld line, which was 1.6 times the HAZ caused by FSW process.
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Figure 7.9 Temperature distributions along the transverse direction

7.4.2 Residual stress and distortions

Although the welding induced residual stress is three dimensional, the longitudinal
component of the residual stress is considered to be the largest in value and to have the
greatest impact on the ultimate strength and buckling of stiffened plates. In the FSW
models the stiffened plates were assumed to be clamped to backing plates where clamping
was applied to the top surface of the plates untill 50 mm from the weld line in each
direction. After the FSW was complete and the workpiece was cooled to room temperature,
the clamps were released. As discussed earlier, the residual stress reduced significantly
after the release of the clamps. Hence in this study the residual stresses shown were

obtained after the release of the clamps.

Figure 7.10 and Figure 7.11 show the variation of the longitudinal residual stresses
in plates and stiffeners obtained at the mid-thickness in the mid-length cross-section for

FSW and MIG models respectively. As can be seen in Figure 7.10(a), in the FSW models
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the tensile residual stress developed in the weld centerline ranged from 40 to 43 MPa and
the maximum tensile residual stress was about 67 MPa located about 7.5 mm away from
the weld centerline. Both magnitudes were relatively small, representing about 16% and
25% of the yield strength of AA60802-T6 base material. The variation in either plate
slenderness or column slenderness did not result in any marked variation in the residual
stress magnitude or distribution. The width of the tensile residual stress zone was about 38
mm for all FSW models. Small compressive residual stresses were present away from the
weld line to balance the tensile residual stress with the maximum magnitude ranging from
only 5 to 7 MPa. Figure 7.10(b) shows that the residual stresses developed in the stiffeners
were also small and can be considered negligible. The maximum tensile and compressive

residual stresses in the stiffeners were less than 1 and 4 MPa respectively.
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Figure 7.10 FSW induced longitudinal residual stress at mid-length cross-
section (a) plate (b) stiffener
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Figure 7.11 MIG welding induced longitudinal residual stress at mid-length

cross-section (a) plate (b) stiffener

In comparison, Figure 7.11(a) shows that in MIG models the tensile residual stress
was about 179 MPa in the weld centerline which was about 68% of the base material yield
stress. The maximum tensile residual stress was located about 25 mm away from the weld
line with a magnitude ranging from 229 to 232 MPa, about 88% of the base material yield
stress. The width of the tensile residual stress zone was about 80 mm for all MIG models.
The results also show that compressive residual stresses developed ranging from 21 to 33
MPa in the plate of MIG models. The maximum compressive residual stress in the
stiffeners were developed in the conjunction of the plate and stiffeners with a range
between 22 and 35 MPa in all models with varying plate and column slenderness. It is
noted that the plate slenderness and column slenderness did result in magnitude and
distribution variation in residual stresses for MIG models. However, the variation is still

considered insignificant.
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In summary, AA6082-T6 extruded stiffened plates welded by FSW resulted in
respectively 70% and 82% lower maximum tensile and compressive stresses in the plate
than those developed due to MIG welding. The width of tensile residual stress region
showed around 53% reduction. Also in contrast with the MIG models, in FSW models

negligible residual stresses were developed in the stiffeners.

Figure 7.12 shows the vertical deflection in the transverse direction at the mid-
length as well as in the longitudinal direction along the weld line of the FSW models. In
both cases, the magnitude of deflections was relatively small. The maximum deflection in
the mid-length occurred in model 2 with the lowest plate slenderness and stiffener height,
and the magnitudes were only about 0.15 mm. The low level of deflections in these models
can be attributed to the low level of temperature the models experienced during welding,
as well as the restraining effects applied by the clamps to the plates. On the other hand, the
results of MIG models are shown in Figure 7.13 where significantly higher deflections are
observed. Again the maximum vertical deflection in the transverse direction at the mid-
length occurred in model 2 which was 1.2 mm and the maximum vertical deflection in the
longitudinal direction along the weld line occurred in model 3, which was about 5 mm at

one end of the plate.
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Figure 7.13 Vertical deflections in mid-length cross-section and along the

weld line of MIG models
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7.4.3 Behaviour under compressive loading

Following the simulation of the welding process, the behaviour of the extruded
aluminum stiffened plates joined by either the FSW or MIG welding process under
compressive loading was studied. This behaviour can be described using load vs.
shortening curves. To obtain these curves, a displacement controlled analysis was
performed where axial displacements were applied to the centroidal node of each extruded
aluminum stiffened plate at one end where only in-plane translations were restrained. The
prescribed displacement resulted in a force at the centroidal node of the other end which
was restrained against displacements in all directions. The axial displacements, instead of
forces, were used so that the post-buckling behaviour of the model can be obtained. In
order to ensure that the compressive loading was uniformly distributed over the entire
cross-section and the cross-sections would remain plane during the ultimate strength
analysis, beam elements with high bending and axial stiffness were used to connect all
nodes at each end cross-section of the stiffened plates to the centroidal nodes of the end
cross-section. These elements were inactive during the welding simulation and then
activated for the ultimate strength analysis using the ANSYS element birth and death

feature.

Figure 7.14 and Figure 7.15 show the obtained load vs. shortening curves for plate
slenderness S of 2.285 and 3.047 respectively. The figures show that welding methods did
not have any significant influence on the pre- or post-buckling behaviour where for a given
plate slenderness, the initial stiffness and response prior to buckling as well as the response
after buckling of all models were practically identical. The only evident difference was on

the buckling load. Table 7.3 summarizes the results of ultimate strength and buckling
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modes. It shows that for a plate slenderness of f=2.285, the extruded elements joined
together using the FSW attained higher ultimate strength by as much as 9% than using the
MIG welding process. However, for a plate slenderness of f=3.047, the opposite trend was
observed where using the FSW resulted in a lower ultimate strength (around 3%) than
using MIG welding process. Noting that the tensile residual stresses had greater magnitude
and wider distribution range in MIG models than FSW models, this suggests that the high
tensile residual stress may have a beneficial effect on the ultimate strength for extruded
stiffen plates with certain geometric characteristics. This is attributed to the fact that when
the extruded stiffened plates are subjected to compression, the presence of tensile residual
stress can cancel, to some degree, the effect of the compressive stresses and thus delay the
buckling. This is in line with a previous study on the extruded aluminum stiffened plates
conducted by Rigo et al. (2003) which showed that tensile residual stresses in the middle
of the plate field had a beneficial effect on the ultimate strength. As the plate slenderness
increases, the plates are more susceptible to buckling, hence, the beneficial effect of higher
tensile residual stresses due to MIG welding becomes more pronounced in improving the

ultimate strength.
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Figure 7.14 Load vs. shortening curves for models with f=2.285
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Figure 7.15 Load vs. shortening curves for models with f=3.047
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Table 7.3 Tee-bar aluminum stiffened plate model dimensions (all

dimensions in mm)

Ultimate strength % Difference .
Model g A FSW MIG between B‘gcl)(clll:g
(kN) (kN) FSW & MIG
IDI 2.285 0.423 1120 1054 6.3 I
ID2 2.285 0.867 810 741 93 I
ID3 3.047 0.490 1020 1053 -3.1 I
ID4 3.047 0.869 748 769 -2.7 I

Table 7.3 shows that models failed either by plate buckling mode (mode I) or
stiffener induced collapse by web buckling (mode II). Models 1 and 3 with higher stiffener
height failed by the stiffener induced collapse by web buckling while model 2 and 4 with
lower stiffener height failed by the plate buckling mode. Examples of both failure modes
are shown in Figure 7.16. In stiffener web buckling mode, stiffener buckling was
accompanied by the buckling of the plate immediately after. The finite element results also
revealed that welding process did not have any effect on the failure mode and the models

welded by either welding processes experienced the same buckling mode.

MIG ID3

MIG ID4 Mods ()

Mode (I)

Figure 7.16 Buckling deformed shapes
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7.5 Conclusions

A two-step, thermo-structural nonlinear finite element model was developed to
simulate both the friction stir welding and metal inert gas welding joining process of two
tee-bar extruded aluminum stiffened plates made of AA6082-T6. The developed model
was verified with the available experimental data. The welding induced initial
imperfections as well as the load vs. shortening behaviour under compressive loading as
affected by both welding methods were studied and discussed. Some conclusions

stemming from the study are as follows:

The thermal analysis of both welding methods revealed that in the FSW process,
the maximum temperature reached about 85% of the melting temperature of AA6082-T6
while in the MIG welding process, the maximum temperature the material experienced
was 1000 °C more than the melting point. The heat affected zone due to FSW extended 9
mm from the weld center-line in each direction and this width was 15 mm for the MIG

welding.

In the case of the welding induced residual stress, the FSW process resulted in a
maximum tensile residual stress of about 25% of the AA6082-T6 yield stress and a
negligible compressive residual stress in the plate field. On the other hand, MIG welding
caused a maximum tensile residual stress of about 88% of the yield stress and a
compressive residual stress of about 10% of the yield stress. In the case of welding induced
distortion, the results indicated that MIG welding resulted in a considerable level of
distortion in both transverse and longitudinal directions. In comparison, the distortions due

to FSW process were almost negligible.
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The load vs. shortening results revealed that joining the extruded aluminum
stiffened plates using either FSW or MIG welding did not have significant effect on the
strength of the models before and after the buckling point . Their effect was observed in
the ultimate strength. In the case of the models with relatively small plate slenderness,
using the FSW increased the ultimate strength by as much as 9% in comparison with
models welded by MIG welding. For the models with greater plate slenderness, using the
MIG welding, however, increased the ultimate strength by as much as 3%. This can be
related to higher tensile residual stress caused by the MIG welding in the middle of the

plate field, which can postpone the buckling of the model under compressive loading.
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8.1 Abstract

A three-dimensional nonlinear finite element model was developed to simulate the welding
process of extruded and non-extruded aluminum tee-bar stiffened plates joined together by
friction stir welding (FSW), metal inert gas (MIG) butt and MIG fillet welding. The three-
dimensional residual stress and distortion fields as well as the heat affected zones (HAZ)
for all three welding methods were obtained and compared. The load-shortening curves for
stiffened plates and the ultimate moment capacity of a hull girder made up of the stiffened
plates were analyzed. The results showed that MIG welding resulted in tensile and
compressive residual stress of as much as 88% and 30% of the material yield strength, and
a considerable level of distortion while residual stresses and distortions formed in the
friction stir welding model were negligible. The load-shortening responses showed that
extruded stiffened plates joined by FSW attained a 26% higher buckling load than the non-
extruded stiffened plates joined by MIG fillet welding, which in turn resulted in a 28%
higher ultimate moment capacity of the hull girder fabricated using FSW on extruded
elements. The results also indicated that the presence of the residual stress and HAZ had
the most significant effect on hull girders fabricated by MIG fillet welding on non-extruded
plates where respective reductions of 10.5% and 7.5% in the ultimate moment capacity of
the hull girders as a result of residual stresses and HAZ were observed.
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8.2 Introduction

Accurate evaluation of the ultimate bending capacity of a hull structure is one of
the critical aspects of ship design to guard against structural failure due to bending caused
by hogging and sagging. One of the first methods for computing the ultimate longitudinal
bending capacity of the ship hull girder was suggested by Caldwell (1965). In that method,
the hull girder was divided into panels and the collapse load of each panel was calculated
incorporating strength reduction factor due to buckling for compressive loading. However
this method did not take into account the post-buckling strength of the panels which was
little known at the time. With the development of understanding of post-buckling strength,
Smith (1977) proposed a method where both the progressive failure and the post-buckling
behaviour of the stiffened plates were considered in the ultimate capacity analysis. In this
method, the hull girder structure was divided into a number of stiffened plates. The
behaviour of these plates under compressive load can be characterized through so-called
load-shortening curves. The moment vs. curvature relationship for the entire hull girder
cross-section can then be determined by incrementally increasing the curvature and
calculating resulting strains and stresses in the stiffened plates making up the cross-section

using the predefined load-shortening curves.

Based on the general approach of Smith’s method, several analytical models were
proposed for determination of load-shortening curves of beam-column elements
(Billingsley 1980; Dow et al. 1981; Adamchak 1984). Ueda et al. (1982, 1984) developed
the Idealized Structural Unit Method (ISUM) which is similar to the Smith’s beam-column
method with the difference being that each ISUM element consisted of a large portion of

the hull girder plating with multiple stiffeners. In the ISUM method the distribution of
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residual stresses was often idealized in order to be included in the specific finite element
formulas employed in the method. Consequently, the beam-column method is better suited
to include the exact distribution of residual stress and distortion fields in the hull girder
ultimate strength analysis (Gannon, 2011). These analytical methods for calculating
ultimate bending capacity of ship hull girders have been shown to be effective provided
that the load-shortening curves for an individual stiffened plate is accurate and influential
factors affecting the response are taken into account properly. Given the fact that stiffened
panels, either made of steel or aluminum, are constructed through welding, it is thus critical
to include welding induced imperfections such as residual stresses and distortions in the
development of the load-shortening curves. Yao and Nikolov (1991, 1992) developed a
method for calculation of load-shortening curves of steel stiffened plate where the residual
stresses and initial deflections of plate as well as the stiffener were considered. In the
second paper, they improved the method further and included the combined torsional-
flexural behaviour of the steel beam-columns. In a benchmark study, Ohtsubo and Sumi
(2000) investigated the behaviour of steel stiffened plates and ultimate bending capacity
of hull girders using different analytical methods. The results indicated that different
assumptions and idealizations regarding the welding induced residual stresses and
distortions contributed to differences in calculated stiffness and ultimate strength of
stiffened plates. Gannon et al. (2012) investigated the effect of welding induced residual
stresses and distortions on the load-shortening behaviour of steel tee-bar stiffened plates
and the ultimate strength of a box girder. The results revealed that the residual stress
reduced the ultimate strength of the stiffened plate by 11% and subsequently the ultimate

moment capacity of the box girder by 3.3%.
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The development in extrusion technology has made extruded aluminum stiffened
plates an attractive alternative in the construction of aluminum hull girders. Aluminum
plates with various cross-section shapes, made with extrusion technology in a single piece,
can significantly reduce the number of welds, which will lead to less welding induced
imperfections (Caseiro et al., 2013). In addition, a new fabrication method, friction stir
welding (FSW), has become increasingly popular in welding of aluminum extrusions. A
solid-state joining technology primarily used on aluminum, FSW has been shown to result
in less welding induced residual stresses, heat affected zone (HAZ) and distortions in
comparison with the metal inert gas welding, and consequently is expected to be beneficial
to the ultimate strength of the hull girder. The combination of extrusion and FSW has then
been increasingly used in construction of aluminum ship hull structures. However, there is
little scientific information on the structural performance of hull girders built with extruded
panels welded by FSW. In fact, available research on the structural performance of
aluminum hull girders fabricated using either metal inert gas (MIG) welding or FSW on
either extruded or non-extruded stiffened panels is limited. Several studies were reported
on the effect of MIG welding induced residual stress and HAZ on the load-shortening
behaviour of aluminum stiffened plates (Zha and Moan 2001, Rigo et al. 2003, SSC-460
2011). They showed that the effect of HAZ on the buckling load of stiffened plates was
more predominant than that of residual stresses. However, the extents of effect differed in
these studies. In the case of FSW on aluminum plates, finite element studies (Murphy et
al. 2007, Yoon et al. 2009, Paulo et al. 2014) also showed that presence of HAZ and
residual stress affected the ultimate strength of aluminum plates welded using FSW.

However, the models they used were all simplified where the welding process was not
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simulated. For example, Murphy et al. (2007) and Yoon et al. (2009) used shell elements
and the effect of welding was assumed whereas Paulo et al. (2014) assumed the width of
HAZ and distortions. Further to the limited research on the load-shortening behaviour of
aluminum stiffened plates fabricated using FSW, no research has been conducted to

investigate the effect of this fabrication method on the global hull girder strength.

In view of the above discussion, this study was thus motivated to investigate the
effect of MIG welding and FSW on the ultimate strength of aluminum hull girders using
either extruded or non-extruded elements. In this study, three fabrication methods were
considered including 1) two extruded tee-bar aluminum stiffened plates joined together by
FSW butt welding (FSW); 2) two extruded tee-bar aluminum stiffened plates joined
together by metal inert gas butt welding (MIG butt) and 3) non-extruded aluminum tee-bar
stiffened plates where two stiffeners are joined to the plates by the metal inert gas fillet
welding (MIG Fillet). The welding process of either MIG or FSW was simulated using a
three-dimensional, two-step sequential thermo-mechanical analysis to obtain the welding
induced residual stresses, HAZ and distortions. Following the welding simulation, load-
shortening curves of stiffened plates fabricated with three methods were generated under
compressive loading incorporating the welding induced imperfections. Finally, the
moment vs. curvature relationship of a box hull girder was determined using the Smith’s
method and the ultimate bending capacity of the girder as affected by the fabrication

methods was examined.
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8.3 Hull girder model

The hull girder cross-section used in this study is shown in Figure 8.1. It was
selected to represent a large stiffened-panel structure representative of a typical high speed
vessel. All stiffened plates were made of aluminum alloy 6082-T6, which is widely used
in high speed vessels. The girder was divided into 44 sub-elements, of which 40 were
composed of two stiffeners with the associated plating and remaining 4 were the corners
of the hull girder. The dimensions of the sub-element stiffened plates are shown in
Figure 8.2. The length of the stiffened plates was considered to be 1 m. For each stiffener
and the associated plating, the resulting plate slenderness f is 2.285 and the column
slenderness 4 is 0.867, which is typical to aluminum ship structures. Three fabrication
methods considered for the stiffened plates are reflected in Figure 8.3. Model “FSW” and
“MIG butt” all consisted of two extruded tee-bar stiffened plates, each consisting of one
stiffener and the associated plating, welded together in the longitudinal edges by either
FSW or MIG butt weld. Model “MIG fillet” consisted of two tee-bar stiffeners attached to

the plating by MIG fillet welds on both sides of the stiffeners.

The setup of FSW process used in this study was adopted from Guo et al. (2014).
The plates were supported on a backing plate, and were clamped down along their length
during welding. After the FSW process was complete and the model was cooled down to
the room temperature, the clamps were released. The MIG butt welding input parameters
including voltage/current and welding speed, were adopted from Lincoln Arc Welding
Foundation (2000). Both sides of the plates were welded together in a single pass on each
side- The plates were allowed to cool for 30 minutes after the welding of the upper side,

and were cooled to 20 °C following the welding of the lower side. The MIG fillet welding
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parameters including welding current/voltage and the speed were in accordance with the
American Welding Society Guide for Aluminum Hull Welding (AWS D3.7, 2004). The
sequence of welding is indicated in Figure 8.3. After each of the weld lines, the model was
allowed to cool down for 30 minutes and after the welding of all the weld lines, the model

was allowed to cool down to room temperature.
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8.4 Finite element simulation

8.4.1 General

A two-step thermal-mechanical procedure was used for the simulation of both FSW
and MIG welding using ANSYS. In the first step of analysis, the thermal loads due to
FSW and MIG welding were simulated and applied to the model and a nonlinear transient
thermal analysis was performed to determine the time-dependent temperature distribution.
In the second step, the temperature field history calculated from the thermal analysis, and
also the plunging force in the case of FSW were applied to the structural model as a series
of loads, where each load step represented an increment in the position of the traveling
welding tool. A structural analysis was then performed to provide the residual stresses and
distortions induced by the welding. The meshing patterns for both of the thermal and
structural model were the same but with different element types. The SOLID70 thermal
element was used in the thermal model whereas its equivalent structural element

SOLID185 was used in the structural model.

Except for the material yield stress, all of the temperature dependent thermal and
mechanical material properties for 6000 series of aluminum were adopted from from Riahi
and Nazari (2011). The temperature dependent material yield stress was adopted from
Eurocode 9 (1998). The temperature dependent heat transfer coefficient was adopted from
Moraitis and Labeas (2008). A constant value of 0.33 was assumed for the Poisson’s ratio
through the temperature history. The temperature dependent thermal and mechanical

material properties are shown in Figure 8.4.
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Figure 8.4 Temperature dependent material properties for aluminum alloy

6082-T6

A non-linear stress-strain relationship based on Ramberg-Osgood relation was used
to model the AA6082-T6 material as shown in Eqn (8.1). Based on experimental data
presented by Zha and Moan (2001), the 0.2% proof stress, Go2, was taken as 260 MPa and

the exponent, n, was taken as 46.

g=3+0.002( i j (8.1)
E

Ooa

The development of HAZ due to the welding heat input was simulated based on the
maximum temperature the elements experienced during the welding process. Three zones
with different material strengths were defined, i.e., HAZ, semi-HAZ, and base metal zone.
The correlation between the strength in these zones and temperature is summarized in
Table 8.1. In the finite element analysis of both FSW and MIG welding processes, as
welding progressed the average temperature of elements were queried and the material

properties of those elements were changed corresponding to maximum temperature
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according to Table 8.1 (DNV, 2013). This method is consistent with the finding of Sato et
al. (1999) and Terasaki and Akiyama (2003) where it was shown that the aluminum
reached its minimum hardness in the areas that experienced a temperatures above the 300
°C to 325 °C during the welding, and the areas that experienced a temperature between 200

°C and 300 °C obtained a hardness in between of the minimum hardness and the base metal

hardness.
Table 8.1 Material strength with respect to temperature
Temperature % of yield stress of
T base metal
HAZ T>300°C 53
Semi-HAZ 200 °C <T<300°C 76
Base metal zone T <200 °C 100

The boundary conditions applied to the longitudinal edges of the plate were
representative of the level of restraint in stiffened panels in ship hull girders. The
longitudinal edges of all models were restrained to remain straight when moving in the
plane, and free to move out of plane of the plating. (Dow et al. 1981, Gannon et al. 2012).
In the transverse edges, simply supported boundary conditions were applied. The centroid
of the each stiffener and the associated plating were restrained against displacements in all
three direction in one end cross-section, and restrained against vertical and transverse

direction in the other end cross-section.
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8.4.2 Finite element simulation of MIG welding

The finite element meshing for the MIG butt model and fillet model is shown in
Figure 8.5 and Figure 8.6 respectively. In both cases, a relatively dense meshing was used
in the vicinity of the welding in order to accurately capture the temperature gradient and
hence the thermal stresses and strains. In the areas away from the weld lines the number of
the elements were decreased to increase the computing efficiency. It was also assumed that
60% of the total MIG welding heat input was transferred to the workpiece via the molten
metal droplets and the remaining 40% via the surface heat fluxes (Pardo and Wekman
1989). For the surface heat source model, the angle of the torch was assumed to be normal
to the surface of the weld. The total heat input of welding can be calculated using Eqn (8.2)

as follows:
O=nVi (8.2)

where V'is the arc voltage, / is the arc current, and 7 is the arc efficiency which is assumed

to be 0.85 for CO» gas metal arc welding (Michaleris et al. 1997).

The heat of the molten metal droplets was described by a volumetric heat
generation rate with uniform density. A Gaussian distribution relative to the coordinate
system of the traveling heat source was assumed for the surface heat fluxes with the

following expression:

3 35202 _3£2)02
61(36,5)=—Q263 e (8.3)
Jc
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where ¢ is the radius of the welding arc. A user-defined macro was developed using
ANSYS parametric design language (APDL) to simulate the moving of the heat source and
the deposition of the molten metal droplets on the workpiece. The heat loss due to the
combined effects of convection and radiation was taken into account by applying
temperature dependent heat transfer coefficient (Figure 8.4) on the free surfaces of the

work piece (Moraitis and Labeas 2008).

Figure 8.5 Finite element meshing of the model MIG butt

Figure 8.6 Finite element meshing of the model MIG fillet
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In the structural analysis, the ANSYS element birth/death feature was implemented
for accurately simulating the deposition of the molten metal droplets on the workpiece. In
the beginning of the analysis all of the weld elements were deactivated (killed). As the
welding torch progressed a user defined subroutine was used to apply the temperature field
from the thermal analysis in the corresponding time. The average temperature of the
deposited weld elements after the pass of weld torch was calculated and those whose
temperature had fallen below the solidification temperature, which is 555 °C for aluminum
alloy 6082-T6, were activated to simulate the deposition of the molten weld metal droplets
on the workpiece. In the case of MIG fillet models, spring elements were assigned at the
interface of the stiffeners and the plate to allow the separation and sliding of the stiffener
on the plate surface before deposition of the weld metals. The rest of the process remained

the same for both MIG butt and fillet models as described above.

The MIG model was verified using experimental test results of Masubuchi (1980).
The geometry and boundary condition of the test is shown in Figure 8.7. The plate was
made of aluminum alloy 5052-H32 and the upper edge of the plate was welded by MIG

welding. The welding parameters were given by Masubuchi (1980).
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Figure 8.8 compares the temperature history whereas Figure 8.9 compares the
transient vertical deflection and the longitudinal residual stresses, all obtained at the mid-
span and mid-thickness of the plate. Both figures show that the finite element model
provides reasonably accurate results in both temperature distribution and the resulting

deformation and residual stress for welding in aluminum plates.
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8.4.3 Finite element simulation of FSW

The finite element meshing of the FSW model is shown in Figure 8.10 and the FSW
process is shown in Figure 8.11. The weld zone in the friction stir welding was defined as
the interface of the workpiece and the welding tool. The total heat generated in watts (W)
by FSW was considered to consist of three components including heat generated at the
interface of the tool shoulder and workpiece, Oshouider; the heat generated from the side
surface of the pin, Qpinside, and on the tip of the pin, Qpinip. The expressions for each term

was given by Schmidt et al. (2004) as:

_ 27 CRoulder 2 d d 9 8 4
Qshou[der - J.O J.R ) a)Twntactr r ( : )
27 (hpin 2
Qp[n,s[de = J.O J.O @ TcontactRpm dng (8 . 5)

27 T pin
Qpin,tip = L L @ Tcontac'tr2 drdg (8 . 6)

where Tconwe 18 the shear stress in the surface, » is the radius of shoulder as shown in
Figure 8.11 and @ is the angular velocity. The heat input distribution was assumed to be
linearly proportional to the distance from the tool centerline to the edge of the shoulder.
The generated heat were applied to the materials under the tool with a distribution given
by Chao et al. (2003):

3er
27R?

shoulder

(8.7)
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where Rsnoulder 1s the outside radius of the shoulder of the tool and Qs the total heat input.
The heat loss due to convection and radiation was accounted for by applying a temperature

dependent heat transfer coefficient (Figure 8.4) on the free surfaces of the work piece. For
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the bottom surface of the plate which was in direct contact with the backing plate the

conduction condition was evaluated as:

0,=p,T-T,) (8.8)

where £ is the convection coefficient between the workpiece surface and the backing plate

and it is assumed to be 350 W /m* K based on the work of Chao et al. (2003).

In the mechanical analysis of the FSW, two types of loading were applied. These
were the temperature field history calculated in the thermal analysis and the plunging force
applied from the welding tool to the workpiece. The plunging force was applied to the
model as a uniform pressure moving forward with the speed of the welding. The release of

clamps was considered in the model to allow the redistribution of stresses and strains.

The FSW model was verified using experimental test results of Zhu and Chao
(2004) on steel plates joined together by FSW as well as results of Guo et al. (2014) on
aluminum plates joined together by FSW. The experimental setup of Zhu and Chao (2004)
involved two 304L stainless steel plates measuring 304.8 mm long, 101.6 mm wide and
3.18 mm thick each, being joined by FSW along the length of the plates. The setup of Guo
et al. (2014) consisted of a plate of aluminum alloy 6061 being welded to a plate of
aluminum alloy 7075, measuring 300 mm long, 50 mm wide and 6.4 mm thick each.
Figure 8.12 and Figure 8.13 compare the finite element and experimental results by Zhu
and Chao (2004) for the temperature distribution and residual stress distribution along the
transverse direction of the workpiece, respectively. Also included are the numerical results

obtained by Zhu and Chao (2004) before and after the clamps release. As Figure 8.13
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shows, the residual stress decreases significantly after the release of the clamps.
Figure 8.14 shows the comparison of the finite element and the experimental thermal
results of Guo et al. (2014). No experimental residual stress results were reported. In both
cases, good agreement between the finite element and experimental results was obtained,
indicating that the model developed is capable of simulating FSW and its effect on

aluminum alloy.
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direction
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8.5 Welding induced Residual stresses, HAZ and distortions

In this study, the residual stresses of MIG models were reported after the model
was cooled down to the room temperature and those of FSW model were reported after the
release of the clamps. Welding induced longitudinal residual stresses obtained at the mid-
thickness in the mid-length of the models are shown in Figure 8.15 for the plating. For all
models the tensile residual stresses were developed around the weld line and they were
balanced by the compressive residual stresses away from the weld line. The FSW resulted
in significantly lower tensile and compressive residual stresses in comparison with the
MIG welding. The maximum tensile residual stress in FSW model was 66 MPa, located
7.5 mm away from the weld center-line where the tensile residual stress was 42 MPa. The
compressive residual stress of the FSW model was 4 MPa. In comparison, the maximum
tensile residual stress of the MIG butt welding was 229 MPa, which was the highest among
all three models, and was located 24 mm away from the weld line where the tensile residual
stress was 178 MPa. The compressive residual stress in the MIG butt welding model was
about 33 MPa. In the MIG fillet welding model the tensile residual stress formed in the
location of the stiffeners with the maximum value of 167 MPa. The maximum compressive
residual stress was the highest among all three models with a value of 78 MPa and located
in the plating between the two stiffeners. The results also revealed that the width of the
HAZ around the weld line was 18, 30 and 40 mm for FSW, MIG butt and MIG fillet
welding models, respectively. Note that while in FSW and MIG butt welding a single HAZ

was formed, in MIG fillet model the HAZ was formed in two stiffener areas.
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Figure 8.15 Longitudinal residual stress at the mid-thickness of the plate

The vertical deflections of the plates along the x axis as well as the z axis obtained
at the mid-length of models are shown in Figure 8.16. The vertical deflection induced by
FSW was almost negligible with a maximum value about 0.25 mm. The low level of the
FSW induced deflections is attributed to the low level of the temperature gradient and also
the clamping of the model during the welding process. The vertical deflection caused by
MIG butt welding in the mid-length of the model along the x axis was almost uniform at
about 1 mm. The maximum vertical deflection in the mid-length along x axis occurred in
MIG fillet models and was 1.63 mm at the center between two stiffeners. In the case of the
vertical deflection along the z direction obtained at the mid-width of models, the MIG fillet
welding caused an almost uniform deflection with an average magnitude of 1.68 mm, while

the average value of the MIG butt model was about 1.10 mm.
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8.6 Behaviour of stiffened plates under compressive loading

Following the simulation of the welding process, the load-shortening behaviour of
each model under compressive loading was obtained. To obtain the post-buckling
behaviour of the model, a displacement controlled analysis was performed where a
displacement was applied to the centroids of each stiffened plate on one end of each model
and the reaction force was calculated at the centroid on the other end. To ensure that the
compressive loading was uniformly distributed over the entire cross-section and the cross-
sections would remain plane during the ultimate strength analysis, beam elements with
high bending and low axial stiffness were used to connect all nodes at each end cross-
section of the stiffened plates at each end to the centroidal node of the each end cross-

section. These elements were made inactive during the welding simulation and then
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activated for the ultimate strength analysis using the ANSYS element birth and death

feature.

Figure 8.17 plots the load-shortening curves of all three models. It shows that the
FSW model of extruded elements attained the highest ultimate strength with a value of 810
kN. The MIG fillet model where the stiffeners were welded to the plate had the lowest
ultimate strength with a value of 640 kN while the MIG butt model of extruded elements
attained ultimate strength somewhere in between with a value of 741 kN. This suggests
that using extruded elements and FSW welding resulted in an increase in ultimate strength
by as much as 26% when compared with non-extruded elements fabricated using MIG
welding. The high ultimate strength in the FSW model is attributed to low level of residual
stress, small HAZ width and distortions resulting from FSW comparing with MIG welding.
The fact that there are two welding regions in MIG fillet model caused this model to have
even lower strength than MIG butt model. Figure 8.17 also shows that welding method or
using extruded or non-extruded elements does not affect the pre-buckling stiffness and all
three models had almost identical pre-buckling slope. The FSW model experienced a sharp
and sudden drop in the load carrying capacity after buckling, while the drop for MIG
models was more gradual beyond the buckling point. This is consistent with the results of
Gannon et al. (2012) and Gordo and Guedes Soares (1993) where it was shown that the
presence of residual stresses and distortions in plates suppressed the sudden drop in load
carrying capacity after the ultimate load was reached in nearly perfect plates. Where the post-
buckling behaviour is concerned, the FSW and MIG butt models with extruded elements
had almost identical post-buckling behaviour whereas MIG fillet model showed a similar

trend in the post-buckling region but at a markedly lower strength.
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A comparison of the buckling modes revealed that all three models collapsed by
the plate buckling mode, indicating that using either welding methods or using extruded or
non-extruded elements did not affect the buckling mode. The buckled shape of the MIG

fillet model is shown in Figure 8.18.
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Figure 8.17 Load-shortening curves of the models fabricated by different

methods
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Figure 8.18 Post-ultimate deformed shape of MIG fillet model

To investigate the effect of welding induced residual stresses and HAZ on the load-
shortening behaviour of the models joined by MIG welding, the MIG butt and MIG fillet
models were analyzed for the second time by including the residual stress and distortion
fields but without the HAZ and the third time by including the HAZ and distortion fields
but without the residual stresses. The results are shown in Figure 8.19. For the MIG fillet
model the presence of residual stresses and HAZ reduced the buckling load of stiffened
plates by 6% and 0.3% respectively. However, the HAZ showed a more significant
reduction on the post-buckling strength. On the other hand, the extruded model welded by
MIG butt welding showed less sensitivity to the residual stresses and HAZ where the
buckling load was reduced by 2.7% and 0.3% due to the presence of the residual stress and
HAZ respectively. However, pre-buckling and post-buckling behaviour of the MIG butt

welding models remained almost the same.
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Figure 8.19 Effect of welding induced HAZ and residual stress on the load
shortening of the models joined by (a) MIG butt welding (b) MIG fillet

welding

8.7 Hull girder ultimate strength
8.7.1 Description of method

In this study, the Smith’s method was used to obtain the moment vs. curvature
relationship and thus the ultimate moment capacity of the hull girder. In this method, the
cross-section of the hull girder is divided into individual beam-column components; each
consisting of a stiffener and an associated width of attached plating. For an increment of
curvature applied to the hull girder the average strain of each beam-column element is
calculated based on its location relative to the neutral axis. Entering these values in the
predefined load-shortening curves of each element, the associated stress state and the load
carrying capacity of each element is calculated. Then the bending moment resisted by the
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cross-section is obtained from the summation of the contributions from the individual

elements.

In the first step of the Smith’s method, the neutral axis of the cross-section is
determined through an elastic analysis. The initial neutral axis crosses the centroid point

of the cross-section. The coordinates of this point is:

_ 2x A,
754
: (8.9)
__ w4
4 XA

1

where 4; is the area of the i’ element, and x; and y; are the distance of the centroid of the

i element from the base lines. In general cases, the ship is subjected to curvatures in both

of the X and Y directions, denoted as Cx and Cy. The global curvature C is related to these

two components:

C=,C,+C)° (8.10)

or:

{CXzC.cosﬁ 8.11)

C, =C.sind

where 6 is the angle between the neutral axis and X axis. The strain ¢; at the centroid of the

i element is¢; which depends on its position and on the hull curvature, is given by:
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& =C(y,.c080 - x,.sin0) (8.12)

where X, and V,; are the coordinates of the centroid element i with respect to the centroid

point of the cross-section. Once the strain in each of the beam-column elements is
determined, the corresponding stress can be obtained from the load-shortening curves.
Consequently, for a curvature of C, the components of the total bending moment about the

principal axis are given by:

My = Zygi'q)(gi)'O-OAi

(8.13)
My = ngi'q)(gi)'O_OAi

where (D(é',-) represents the non-dimensional strength of the i™ element at a strain of &, the

average stress of the beam-column element normalized by the yield stress. The bending

moment on the cross-section about the instantaneous center of gravity is then:

M=\M,>+M,’ (8.14)

One of the complication of this method is that although in the beginning the initial
neutral axis is the same as the elastic neutral axis, during the stepwise process as the
curvature increases and elements fail through the buckling, or in the case of aluminum as
the tensile stress strain relation becomes nonlinear, the location of the neutral axis will shift
and an iterative approach is required. The new position of the neutral axis is calculated

using the effective area of each element given by:

A, =04 (8.15)
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where ¢1s the deviation of the element from perfectly plastic behaviour, given by:

g )
p=2=2 (8.16)
E ()
and the position of the neutral axis is then given by:
_ 2xA,
T sa,
(8.17)
__ XA,
Y >A,

el

As 4 is dependent on the position of the centroid point of the cross section, Eqns.

(8.9) through (8.17) should be implemented repeatedly to determine the position of the

neutral axis until a convergence is reached.

8.7.2 Ultimate strength

Figure 8.20 plots the resulting moment vs. curvature relationships for all three
models. It shows that fabrication methods had a marked influence on the ultimate strength
of the hull girder. The FSW model attained the highest moment capacity with a value of
52.3 MN-m, which represented a 28% increase from the moment capacity of 40.8 MN-m
obtained by the MIG fillet model and a 9% increase from 47.8 MN-m obtained by MIG
butt model. This indicates that the combination of extruded plates welded by FSW is the
most desirable fabrication method for providing the highest moment capacity. In the case

of MIG welding, the MIG butt model with extruded plates attained 17% higher moment
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capacity than that of the MIG fillet model with non-extruded plates. Figure 8.20 also shows
that there was a sudden change in the slope of the FSW model at a curvature of about
0.0014 which coincided with the buckling of the stiffened plates located at the top of the
hull girder. When the top units of the hull girder reached the buckling strain, the neutral
axis shifted downward in the cross-section to maintain the force equilibrium and the hull
girder experienced a sudden and sharp drop in the moment capacity. On the other hand,
the MIG models had a smoother moment vs. curvature curves in the post-buckling region.
This behaviour is consistent with the response observed in the load-shortening curves
described in the previous section where the curves for FSW model had a more pronounced
drop then the other two models. This further confirms that the presence of residual stress

and distortion “soften” the sudden capacity drop in the post-buckling region.
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Figure 8.20 Moment vs. curvature curves of the models with different

fabrication methods

To further study the effect of the MIG welding induced residual stress and HAZ on
the ultimate moment capacity of the hull girder, the moment vs. curvature curves for the
hull girder fabricated with MIG fillet and MIG butt plate elements were obtained without
effect of either residual stresses or HAZ. In this case, the load-shortening curves for the
MIG models without taking into account of either the HAZ or the residual stress as
described in the previous sections, were used in the Smith’s method. The resulting moment
vs. curvature curves are shown in Figure 8.21. As shown, in the hull girder made of MIG
fillet model, the presence of HAZ decreased the ultimate moment capacity by 7.5% and

caused an offset in the post-ultimate region of the moment vs. curvature curve. The
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presence of residual stresses decreased the ultimate moment capacity by 10.5%. However,

it showed no significant effect on the post-ultimate behaviour of the model. For the hull

girder made of the MIG butt model, the results indicate that the presence of the residual

stresses and HAZ had little effect on the ultimate moment capacity and the behaviour of

the hull girder. The reductions in the ultimate moment capacity due to residual stresses and

HAZ were 3.5% and 0.5% respectively. This suggests that for extruded plates joined by

MIG butt welds, the effect of residual stress and HAZ is insignificant in the moment

capacity calculation; on the other hand, if conventional the fabrication method is employed

where stiffeners are fillet welded to the plates, ignoring either residual stresses or HAZ

will result in an unsafe estimate of moment capacity of the hull girder.
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8.8 Conclusions

A finite element model was developed to simulate the welding of extruded and non-
extruded aluminum tee-bar stiffened plates joined together by friction stir welding, metal
inert gas butt welding and metal inert gas fillet welding. The resulting residual stresses,
distortions and heat affected zone were discussed for the three fabrication methods. The
load-shortening behaviour of the stiffened plates was also obtained, which were used in a
subsequent ultimate strength analysis of a hull girder using the Smith’s method. The

conclusions of this study are summarized in the following.

1. The maximum tensile residual stress induced by MIG butt welding, MIG fillet
welding and FSW was 64, 88 and 25% of the yield stress of the aluminum alloy
6082-T6, respectively. In the case of the compressive residual stress the highest
magnitude was developed in the MIG fillet model which was 30% of the yield
stress of the aluminum alloy 6082-T6. The compressive residual stress induced by
the FSW was negligible.

2. For welding induced HAZ, the models with FSW, MIG butt and MIG fillet welding
attained a HAZ width of 3, 5 and 6.6 times the plate thickness, respectively. In the
case of the welding induced distortions, the non-extruded model fabricate by MIG
fillet welding had the highest distortion while it was negligible for extruded
elements joined by FSW.

3. In terms of load-shortening behaviour, the extruded stiffened plates welded by
FSW attained the highest ultimate strength, which was 9% higher than that for the
MIG butt welded model. When the MIG welding is considered, using extruded

elements joined by butt welding instead of non-extruded stiffened plates joined by
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fillet welding resulted in an increase in the ultimate strength by 16%. The analysis
of the models joined by MIG welding showed that the presence of the residual
stress and HAZ decreased the ultimate strength by as much as 6% and 0.3%
respectively.

. The hull girder ultimate moment analysis revealed that the model with extruded
elements welded by FSW had a 28% higher ultimate moment than that of the model
with non-extruded elements welded by MIG welding. Within the models joined by
MIG, the girder made of butt welding model had a 17% higher moment capacity
than the fillet welding model. Using extruded plates joined by MIG butt welds, the
effect of residual stress and HAZ was insignificant in the moment capacity
calculation. However, when stiffened plates were constructed by fillet welding
stiffeners to the parent plates, ignoring either residual stresses or HAZ
overestimated the moment capacity of the hull girder by 10.5% and 7.5%

respectively.
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Chapter 9 - Summary and conclusions

9.1 Summary

A finite element model was developed to simulate the friction stir welding (FSW)
and metal inert gas (MIG) welding processes in aluminum plates and stiffened plates. The
product of the simulation was welding induced imperfections including residual stress and
distortion fields, and heat affected zone. The imperfections as a result of both FSW and
MIG welding were studied and compared. In addition, the effect of clamping area and
welding speed on the FSW induced residual stress was investigated. Following the
verification of the model, the load-shortening curves were obtained to study the effect of
using FSW and MIG welding on the behaviour and ultimate buckling load of the aluminum
stiffened plates. The obtained load-shortening curves were used in the ultimate strength
analysis of an aluminum hull girder using the Smith’s method. The effect of different
fabrication methods as well as the effect of welding induced residual stress and HAZ
associated with these methods on the ultimate strength of the hull girder were obtained and
discussed. Conclusions drawn from the results of this research are summarized in the

following.

9.2 Welding induced residual stress, distortion and HAZ

e Inboth of the FSW and MIG welding the maximum tensile residual stress occurred

at the edges of the HAZ. While the thickness of the plates did not have a significant
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effect on the magnitude of the residual stresses caused by FSW, for MIG welding
the residual stresses increased as the plates became thicker.

The structural results revealed that for all models studied, FSW resulted in up to
40% lower peak tensile and 75% lower peak compressive residual stress in
comparison with MIG welding.

The MIG welding resulted in a wider HAZ than the FSW process. For the models
considered, the extent of HAZ as a result of MIG welding was about 1.5 to 2.5
times that caused by FSW process.

MIG welding resulted in a considerable level of distortion in both transverse and
longitudinal directions and this distortion increased as the plate thickness
decreased. In comparison, the distortions due to FSW process were almost

negligible.

9.3 Effect of MIG welding on the behaviour and strength of aluminum stiffened

plates

Maximum tensile residual stress developed in the plate due to welding ranged
between 72 to 77% of the base metal yield stress while the compressive residual
stresses ranged between 18 to 36% of the base metal yield stress.

The total width of the HAZ of the plate in various models ranged between 26 to 56
mm depending on the thickness of the plate, with thinner plates having larger HAZ

width.
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For a given plate slenderness, an increase in the column slenderness resulted in an
increase in the vertical distortion. For a given column slenderness, the thinner the
plates, the larger the distortion. Overall, the maximum value of the vertical
distortion of all models at the mid-width was around 2.5 mm.

The ultimate strength decreased due to the presence of the longitudinal and
transverse HAZ by as much as 10%. The ultimate strength reduction due to the
presence of the residual stresses was as much as 16.5%.

The comparison with the existing analytical methods shows that DNV Rules for
Classification of High Speed, Light Craft and Naval Surface Craft (2013), on
average, underestimated the ultimate strength of aluminum stiffened plates by as

much as 48% with a mean of 27%.

9.4 Effect of clamping area and welding speed on the FSW induced residual stresses

Increasing the clamping area was shown to reduce the magnitude of tensile residual
stress. The maximum reduction observed was about 40% when the clamping-to-
plate width ratio increased from 0.5 to 0.8.

Welding speed had more pronounced effect on models with large clamping area
than those with small clamping area. For models with large clamping areas, an
increase in the welding speed resulted in as much as 60% increase in the tensile
residual stress and the tensile residual stress distributed in a narrower region. For

models with small clamping area which had a tensile residual stress about the yield
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stress of the material in HAZ, an increases in welding speed did not result in

significant change in the magnitude of the tensile residual stress.

9.5 Ultimate strength of extruded aluminum stiffened plates joined by either FSW

or MIG

e FSW process resulted in a maximum tensile residual stress of about 25% of the
material yield stress and a negligible compressive residual stress. MIG welding
caused a maximum tensile residual stress of about 88% of the yield stress and a
compressive residual stress of about 10% of the yield stress.

e The heat affected zone due to FSW extended 9 mm from the weld center-line in
each direction compared to a width of 15 mm for the MIG welding.

e Joining the extruded aluminum stiffened plates using either FSW or MIG welding
did not have significant effect on the pre-buckling and post-buckling strength and
buckling mode.

e In the models with relatively small plate slenderness, using the FSW increased the
ultimate strength by as much as 9% in comparison with models welded by MIG
welding.

e For the models with greater plate slenderness, using the MIG welding instead of

FSW, increased the ultimate strength by as much as 3%.
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9.6 Effect of fabrication methods on the ultimate strength of aluminum hull girders

Using extruded elements with MIG butt welding instead of non-extruded elements
with MIG fillet welding can increase the ultimate strength of aluminum stiffened
plates by 16%.

Using extruded elements with FSW instead of non-extruded elements with MIG
fillet welding can increase the ultimate strength of aluminum stiffened plates by
26%.

Residual stresses and HAZ can reduce the ultimate moment capacity of the
simplified hull girder by 10.5% and 7.5%, respectively. Hence, residual stresses
should not be ignored in the analysis of aluminum stiffened plates.

Using extruded elements with FSW instead of non-extruded elements with MIG
fillet welding can increase the ultimate moment of the aluminum hull girder by as

much as 28%.

9.7 Recommendation for future work

The following suggestions are recommended for further investigations in order to

gain a better understanding of the effect of welding and fabrication methods on the

structural behaviour of aluminum ships.

The welding induced imperfections and their effect on the structural performance

of aluminum stiffened plates welded by FSW fillet welds.
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The structural performance of flat-bar and angle-bar aluminum stiffened plates with
geometry typical to aluminum vessels welded by MIG welding.

Behaviour and ultimate strength analysis of a hull girder with realistic cross-section
configurations.

The fatigue behaviour and strength of aluminum stiffened plates welded by FSW

or MIG welding.
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