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ABSTRACT

The purpose of this thesis was to develop and validate finite element models of the
friction stir welding process for butt and lap welds for specific experimental cases that in effect
enhances the predictability of temperature evolution in the joined workpiece. Significant research
has been conducted on butt weld thermal process but limited study has been conducted on lap
welds. Through examination of several process parameters critical to both weld and lap weld
operations insights into process characterization of process parameters could be made. In this
study three dimensional finite element heat transfer models using the commercial code LS-
DYNA were developed to obtain the temperature distribution in the workpiece for two types of
welds, namely butt joints and lap joints. For the lap weld model a step function for thermal
conductance between sheets was applied to account for varying contact resistance. The
developed finite element models were validated with published experimental data. Parametric
studies were performed involving both types of welds including process parameters such as tool

travel rate and rotational tool velocity for different aluminium alloys.
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CHAPTER 1

INTRODUCTION

1.1 Background

Friction Stir Welding (FSW), patented by The Welding Institute [2] in 1991, is a new
technique for material joining and processing. Friction Stir Welding is a solid-state welding
technology that has been a very comprehensive method for joining non-ferrous materials such as
aluminum alloys and copper. It is a solid-state process, occurring below the solidus temperature
of the metals being joined. FSW produces welds that are high in quality, strength, and also
inexpensive to make. The other main advantage is that it produces no fumes during process and
is energy efficient. FSW does not need any filler material as required in conventional welding
process and is relatively easy to perform. However, the workpiece should be rigidly clamped and
welding speeds are low in order to avoid defects like porosity. For aluminium alloys such as the
2000, 5000, 6000, 7000, and 8000 series, the alloys can be easily welded by friction stir welding.

During FSW, the work piece is placed on a backup plate and is clamped rigidly to
eliminate any degrees of freedom. A cylindrical tool with a pin normally one-third the diameter
of the shoulder at the base of the shoulder rotates with a high speed in the range of 300 to 1000
rpm. It is slowly plunged into the work piece until there is contact between the shoulder surface
and the work piece which consequently creates heat. The heat is consequently produced due to
friction and the plastic deformation of the material. The tool then moves along the designated
path on the workpiece with a specified travel rate. The pin of the rotating tool hence provides the
““stir’” action in the material of the work piece. This result in a Heat Affected Zone (HAZ) with a

better grain refinement required for a good weld joining.



One of the main process parameters in FSW is the heat flux. The heat flux should be high
enough to keep the maximum temperature in the work piece around 80% to 90% of the melting
temperature of the work piece material [1], so that welding defects are avoided. The amount of
the heat conducted into the work piece usually generates a good weld in terms of the
microstructure of the Heat Affected Zone (HAZ), the residual stress, and the distortion of the
work piece. Also the amount of the heat conducted back into the tool dictates the life of the tool.
A low amount of heat transfer could lead to breakage of the pin due to its hard material. These
factors emphasize the importance of the heat transfer aspect of friction stir welding.

1.2 Types of FSW

FSW when invented was intended to be used for simple butt welds. Over the years
through rigorous testing and research it’s being utilized for different types of joining processes. It
is usually used to make three different types of weld joints — butt joints, lap joints, and spot
welds.

1.2.1 Butt Joint

A butt joint is the most common type of weld obtained through the FSW process. For this
type of joint the workpieces are held tight with adjoining edges against each other. The rotating
tool at a constant rotational and translation velocity with sufficient downward force is moved
across the workpiece surface. The friction between the shoulder and workpiece surface and the
plastic deformation of the weld metal generates enough heat required to create the weld. The
quality of weld depends on parameters such as the downward force on the tool, rotational speed
of tool and travel rate of tool. Figure 1.1 shows the schematic representation of FSW of a butt

joint.
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Figure 1.1. Schematic representation of FSW of a butt joint [2].

1.2.2 Lap Joint

The procedure for creating lap joints is similar to that of a butt weld with only difference
being that the plates are placed one over the other. Hence there is an additional complexity
related to the actual heat transfer between the two sheets. The tool used for lap joints has a longer
pin than that used for a butt joint since it has to penetrate both the sheets for proper stirring
action. Like butt joint FSW joining, process parameters such as tool pressure and the type of
workpiece clamping fixture play a very important role in the quality of weld obtained [14]. In the
case of lap joint FSW weld, the more the air gap the less the quality of weld obtained and vice

versa. Figure 1.2 shows the schematic of the overlap configuration of a lap joint.

Figure 1.2. Schematic of an overlap FSW configuration [3].



1.2.3 Spot Weld

A FSW spot weld involves a process similar to FSW of a lap joint, but the difference
being instead of moving the tool along the weld seam, the tool only presses the parts, which are

placed on top of each other as illustrated in Figure 1.3
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Figure 1.3. Schematic of a friction stir spot welding process [4]

1.3 Advantages and Disadvantages
The main advantage of FSW over traditional welding processes is the fact that no melting of the
workpiece material is involved hence eliminating workpiece material and tool material loss. A
few of the other advantages of FSW include:

e Defects like porosity and voids are less due to absence of material melting

e Low distortion and residual stresses in resultant welded zone

e Higher mechanical properties

e Absence of toxic fumes and radiation make it a very environmentally safe process
There are a few disadvantages associated with FSW process:

¢ Clamping of the workpiece is a very important criteria in the process

e Weld speeds are slower which can lead to longer process times



Surface thickness is reduced marginally during the process as no filler material involved

1.4 Applications

Applications [2] of the FSW include various industries including few of the following:

Shipbuilding and Marine Industries

FSW is suitable for many applications under shipbuilding such as manufacturing of hulls,
panels for decks, aluminium extrusions, offshore accommodation, etc.

Aerospace Industry

Most of the aerospace industries currently are welding mainly prototype and production
parts by FSW. Longitudinal butt welds in Al alloy fuel tanks for space vehicles have been
friction stir welded and successfully used. FSW could also be used to increase the size of
commercially available sheets by welding them before forming. Other applications
include manufacture of wings, fuselages, etc.

Railway Industry

Most of the applications of FSW in railway industries include building of container
bodies, railway tankers, etc.

Land Transportation

FSW is currently being used by many automotive companies for various applications that
include but not limited to building of engine chassis, wheel rims, truck bodies, mobile

cranes, body frames, etc.

1.5 Problem Statement

The problem in incorporating FSW into manufacturing is that developmental process and

testing is expensive from the view point of time, materials, and manpower. Much of the process

knowledge is through running experiments for various changes in process parameters and then



looking at the resulting metallurgical aspects to analyze the results. This consequently slows
down the development of applications for this process. A faster and more cost effective way to
examine new aspects regarding friction stir welding is required to reduce actual experimental
testing. Finite element modeling is an option which can help determine process parameters that
require further experimental testing for validation and analysis. The post-weld microstructure
depends largely on how the material is heated, cooled and deformed. Hence a prior knowledge of
the temperature evolution within the workpiece would help in design of process parameters for a
welding application. Research in the field of FSW lap joints has been limited possibly due to
proprietary publishing restriction within industry. Hence it would be very beneficial for future
development of FSW to understand the process behind FSW of lap joints by the means of Finite
Element Analysis (FEA). Two process parameters of interest for FSW lap welds are tool travel
rates and rotational tool velocities. A lot of emphasis has been laid on FEA analysis in previous
published papers [3, 4, 6, 7, and 8] hence FEA analysis of these process parameters would
broaden the scope of application of FSW lap welds.
1.6 Study Objectives

The main objectives of this study was to develop and validate three-dimensional thermal
models of friction stir welding for butt and lap joints for specific experimental cases and
investigate the effect of varying several process parameters on weld temperature history. In order
to better understand the process an initial detailed study into butt welds was performed. The
developed models would be validated against the published experimental results. The best
validated model was used to further perform parametric studies to predict thermal history and
temperature distribution necessary for high quality welds. The parametric study was designed to

investigate the following:



e Effects of various aluminium alloys such as Al6061-T6, Al5052-H32, AA7050-T451,
and A12024-T3 on workpiece temperature evolution.
o Effect of variation of tool travel rates and different workpiece materials on workpiece
temperature evolution.
o Effect of variation of rotational tool velocity for FSW lap weld of Al2024-T3 alloy on
workpiece temperature evolution.
Such process parameter studies covering parametric conditions not found in the literature would
provide insights for further testing and analysis needed for development of process specifications
for FSW butt and lap welds.
1.7 Methodology
The basic study methodology was to develop a computational thermal model for butt and
lap welds based on published experimental data. The correlated model would be extrapolated to
perform further parametric studies involving process conditions not seen in the research
literature. The unique focus of the study was to investigate thermal modeling of FSW lap
welding which has been less researched than butt welding. Commercial code LS-DYNA from
Livermore Software Technology Corporation (LSTC) was FEA code used in the study. The
geometric model was developed using a pre-processor MSC.Patran. The generated output LS-
DYNA key file was modified to correlate the model with published experimental results. A mesh
independence study was also performed to identify the effect of mesh density on the temperature
evolution through the workpiece. The overall temperature evolution through the workpiece
during welding process was observed through the generated temperature contour plots and

temperature-time history plots.



CHAPTER 2

LITERATURE REVIEW

Development of the FSW process since 1991 has included various experimental
investigations. Many investigations over the years have published numerous papers that dealt
with different parametric studies related to thermal profiles during the FSW process. Only in the
past few years have computational modeling methods for this process been more clearly
understood. The typical approach for FSW modeling is to obtain numerical predictions and then
compare and validate the results against experimental temperature measurements in workpiece
through thermocouples. Various attempts have been made to understand the mechanism for heat
generation using this methodology.

2.1 Thermal Process Models of FSW of Butt and Lap Welds

Gould and Feng [5] performed a 3-D analytical study to predict the workpiece
temperatures for FSW butt weld using the Rosenthal equations describing a moving heat source.
The heat input was a function of process parameters including tool rpm and force on tool and
was directly applied on top of the workpiece with radius equal to that of the tool shoulder.
Heurtier et al. [6] used an analytical model to predict workpiece temperatures but later it was
converted to numerical analysis to increase prediction accuracy.

Tang et al. [7] focused their study to the FSW tool heat input and resulting temperature
distribution during FSW butt weld. They found that the maximum temperature in the weldline
was below 80% of melting point of Al6061-T6. It was also found that temperature distribution
perpendicular to the weld was isothermal under the pin shoulder, and increasing welding

pressure and pin tool rotational speed increased the peak temperature.



One of the first numerical FSW studies was produced by Chao and Qi [8]. In their
research temperature fields during welding, the residual stress distribution and distortion of
workpiece after FSW were studied. A de-coupled heat transfer and thermo-mechanical modeling
and analysis and three-dimensional finite element formulation was used in their study. Also a
moving heat source with heat distribution simulating the heat generated from friction between
tool shoulder and workpiece was implemented as the heat input.

The main sources of heat were from friction between tool shoulder and workpiece and
from the plastic deformation of weld material in vicinity of rotating pin. The empirical equation

for calculating the heat input in their analysis is given by equation (1.0).

a(r)=5 %

= 27t where r<r, (1.0)
where q(r) is the rate of heat flux, Q3 is the heat flux to shoulder.
A trial and error approach was used wherein the total heat input to workpiece and heat
convection coefficient of bottom surface are calculated by fitting the measured temperature data
with the analytical model. This was also known as the inverse approach. These temperatures
were then used to determine the residual stress after the FSW process. The results matched to a
greater extent and the process was comparatively simpler than the direct approach used by
various other authors. According to the authors approximately 95% of the heat generated from
friction was transferred to workpiece and the remaining 5% was transferred to the tool. The
fraction of rate of plastic work dissipated as heat was approximately equal to 80%. Figure 2.1

shows the schematic representation of the applied boundary conditions in the model used by

Chao and Qi.
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Figure 2.1. Schematic representation of boundary conditions [8].

Colegrove et al. [9] in 2000 published their finite element thermal model development for
FSW process. Their model included the backing plate and the tool. Their goal was to predict the
material flow patterns around the tool. For the heat input they followed an iterative method to
have a proper validation between the experimental and predicted values.

Zhu and Chao [10] in their study investigated the effect of each temperature-dependent
material property on the transient temperature, residual stress and distortion in the finite element
simulation of FSW butt weld process. Their analysis methodology suggested using an approach
based on properties characterized by a linear function for the temperature at yield stress and
constant room-temperature values for other remaining properties.

Song et al. [11] developed a three dimensional transient model for a FSW butt weld. In
their research the plastic heat generation near the pin region was modeled as the heat source.
Also transient heat transfer at the tool pin penetrating and pulling up condition was considered in
the study. An explicit central differential scheme was used to solve the control equations in
process. Tool shoulder/workpiece boundary condition was a Neumann or heat flux boundary
condition and was calculated from frictional heat. Also a convective boundary condition was also

applied to the back plate to account for the heat transfer through the bottom surface of the sheets

10



to the backup plate. As the contact resistance between the sheet and backup plate was not known
this assumption was made. For the tool pin boundary condition, heat generation was considered
to be a uniform volumetric heat generation source near pin region and is linear to pin rotational
speed which was given by equation (1.1) where o is the tool rotational speed, K is the arbitrary

constant. With all units being defined in metric system.
S=K® (1.1)
Heat input to tool shoulder in FSW is calculated from frictional heat between tool and
workpiece. Equations (1.2) and (1.3) were used to calculate the heat input.
Torque to rotate tool,
M= % urP(R® —R*) (1.2)
Heat exerted to workpiece,

Q, =§,wr2Pn(R30 -R%) (1.3)

In equation (1.3), u=-0.00027T+0.581, P is pressure on tool and n is tool rotational speed.
Ahmed et al. [12] in their research performed a computational and experimental study of
high speed FSW butt weld. The model used for the computational study was a heat source model
moving along the butt weld line. For thermal modeling, three sources of heat were considered,
frictional heat generated at interface of shoulder and workpiece, frictional heat at pin contact and
plastic deformation of welded metal. Heat generated depended mostly on the plunging tool force

and tool travel rate. The total heat input Q (in watts) was calculated by equation (2.0),
Q=(4/3)u(T)p(T)7’w(R’, - R?,) (2.0)
where p (t) is the friction coefficient between tool and workpiece, ® is the rotational

speed, and p (t) is the pressure on shoulder of tool.
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A convective thermal condition was applied with a coefficient of 30W/m?C on top
surfaces of both the workpieces with ambient temperature at 28°C. Radiation losses were
considered with ambient temperature of 28°C while the contact conductance between bottom
surface of workpiece and back-plate taken negligibly small or neglected. Results were validated
with experimental results obtained through infrared camera and thermocouples. They found that
for AlI6061-T6 sound welds were obtained between 570-530°C surface temp and spindle
velocities of 125mm/min and 250mm/min.

Khandkar et al. [13] presented an input torque based thermal model for FSW of Al6061-
T6 alloy. Their objective was to predict thermal history and temperature distribution during FSW
for a butt joint. In their study the moving heat source represented by the heat generated by tool
rotation and linear traverse of the shoulder and pin has been correlated to the torque data
obtained from experimental data. The heat is mainly due to surfaces of the tool making contact
with the workpiece. The equation (2.1) to equation (2.4) was used:

o

M = [(@)Qm)dr
; 2.1)

where M is the torque at shoulder, r is the tool radii; 7 is the torsional shear stress.

_J"L’f?'
J 2.2)

T

Torque was related to average power input by the equation (2.3),
P, =M, o (2.3)

where P, is the average pressure on tool,  is the rotational speed of tool.

The finite element heat flux is related to radial position of tool shoulder by equation (2.4),

q(r) =wrr=27zNrzr (2.4)

12



where N is the tool rotation speed in rps, T is the shear stress.

Khandkar and Khan [14] presented a thermal model for overlap joints using FSW in their
research paper. Their paper deals with a 3D thermal model to predict temperature distribution in
overlap joints. The model accounted for moving heat generation caused by friction at the
interface between tool shoulder and workpiece and the friction between pin and workpiece. The
results were validated using experimental results for 5454-O Al alloy.

For the energy equation, an unsteady heat flow was modeled as a 3D problem. Transient heat

flow within workpiece is given by equation (2.5),

d(peT)
ot

+v-(pcVT):v-(kVT)+q (2.5)

where q is the moving heat generation/unit vol.
Heat is generated by rotating tool and motion of weld metal relative to tool and the sources were
due to friction of shoulder and workpiece given by equation (2.6), and due to friction of pin and
workpiece given by equation (2.7).

2 uFNr
qshoulder = 2 ,u 2 (26)

shoulder -TI pin
where r = distance from moving center of shoulder, F is the downward force on tool.

2
A =k, % , where k=3% (2.7)

shoulder ~ © pin
For the Boundary Conditions (B.C) the authors used Newtonian boundary conditions (equating
the Fourier law temperature gradient at the surface to the heat flux) at left and right sides of top

and bottom sheets given by equation (2.8).

ar
ox

—k =a,(T-T,) (2.8)

Left/Right
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where «_ is the ambient convective coefficient, k is the thermal conductivity.

Also Newtonian boundary conditions were applied at front and rear ends of top/bottom sheets,

6_T
0z

-k =a,(T-T,) (2.9)

Front/Rear

The B.C for top surface of top sheet given by equation (2.10),

ar
oy

—k =a,(T-T,) (2.10)

Top

B.C for bottom surface of bottom sheet given by equation (2.11),

ar

—k =a(T-T,) (2.11)

Bottom

Also the thermal contact in between the faying surfaces of the two sheets was defined by
equation (2.12).
HTC = HTCo*p (2.12)

where HTC = heat transfer coefficient, p = pressure distribution at faying surface.
The surface contact conductance between the two sheets was modeled related to varying pressure
with highest pressure being directly applied below the shoulder area and gradually decreasing
outwards. Their model provided good match between experimental and predicted results. This is
currently the only published research data related to overlap FSW and hence would be the main
source of information for this study.
2.2 FSW Process Parameters
Based on research review, the main process parameters for FSW could be summarized as below:

e Welding forces during the process:
Forces like a downward force, traverse force and a lateral force may act on the tool

required in order to achieve the best welding cycle.
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Design of the tool:

It is necessary that the tool is strong enough throughout the weld temperature. Hence
various tool designs have been proposed in the past years for better weld quality and tool
life. Most of the tools used today have concave shoulder that helps in preventing material
from extruding out from sides of tool shoulder.

Angle of tool tilt and plunge depth:

The angle of tilt around 2-4 degrees is usually adopted in various FSW processes. It helps
in a proper forging process. The plunge depth into the workpiece increases the pressure
below the tool and provides good forging of material behind the tool.

Tool traverse and rotational speeds:

From various studies it has been concluded that by increasing the rotation speed of the
tool and decreasing the traverse speed of the tool the temperature in the weld region
increases. Adequate temperature is necessary because if the material is too cold then
voids may form and if the material is too hot then it could lead to defects due to the
liquation of low-melting point phases.

Heat generation:

The welding cycle can generally be classified into 4 stages

Dwell: Here the material is preheated by stationary rotating tool.

Transient heating: When tool moves a transient state is reached where temperature begins
to change with time until steady state is reached.

Pseudo steady state: Here the thermal state remains constant.

Post steady state: Here heat may reflect from end of plate causing tool to overheat.
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CHAPTER 3

METHODOLOGY

The basic methodology was to develop a model based on vital points summarized from
different published papers as discussed in literature review. The finite element model would be
correlated with published experimental data. The best correlated model would be extrapolated to
perform further parametric studies involving butt and lap welds. Commercial code LS-DYNA by
LSTC was the FEA code used in the study. The geometric model was developed using a pre-
processor MSC.Patran. The parametric study was performed by varying the tool travel rates and
rotational tool velocities and observing the overall temperature evolution through the workpiece
during the welding process. This was facilitated by the generation of temperature contour plots
and temperature-time history plots for various cases of butt welds and lap welds.

3.1 Introduction to MSC.Patran 2005

Companies today are increasingly using computer aided design and analysis to reduce
expensive physical modeling and testing. MSC.Patran [15] enables us to develop and test a
product using computer-based simulation prior to making any manufacturing and material
designs. Through MSC.Patran, finite element models can be created from various computer-
aided design (CAD) parts which could be submitted for simulation to visualize the simulated
model behavior. These results can then be used to improve the product designs for reduced
material usage and higher performance.

The benetits of CAD modeling include:
e Cost reduction through replacing physical experiments with less expensive simulations

¢ Customize modeling environment to enhance simulation process
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Applications of the software include:

e Aecrospace

e Automotive

e Ship Building

e Medical Products

e Consumer Products
Different meshing styles are available in MSC.Patran ranging from fully automatic solid
meshing to detailed node and element editing. Flexible options are available for application of
loads and boundary conditions to the analysis model. It uses a customized interface for different
solvers through MSC's unique preference options. These options are available for MSC.Nastran,
and other analysis solvers like ABAQUS by Abaqus Inc, LS-DYNA by LSTC, ANSYS, etc. The
MSC.Patran library source includes solvers for structural analysis, advanced structural analysis,
thermal analysis, fatigue simulation and composite laminate modeling. In this study MSC.Patran
2005 is used for the purpose of pre-processing of computational models. The initial geometry
and mesh creation, constraints and contact surfaces are defined with the help of a Graphical User
Interface (GUI) included in MSC.Patran.
3.2 Introduction to LS-DYNA

LS-DYNA [16] is a general purpose finite element code released by LSTC (Livermore

Software Technology Corporation) for transient dynamic analysis capable of simulating complex
real world problems. The basic methodology is based on explicit time integration. There is also
an implicit solver available for purpose of heat transfer analysis.
Significant features of LS-DYNA include:

o Fully automatic definition of contact areas
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Large library of constitutive models

Large library of element types

Special implementation for the automotive industry (seatbelt, airbag, dummy)

Special features for metal forming applications (adaptive mesh)

Beside the explicit solver, the following solvers are also available:

Different implicit solvers

Arbitrary Lagrangian Eulerian (ALE)

Thermal solver (used in this study)

Coupled fluid dynamics (CFD)

Smooth Particle Hydrodynamics (SPH)
3.2.1 File Structure
A classic LS-DYNA data file must contain:

e final time

e material description

e geometry description

e list of nodes with coordinates and constraints

o list of elements with connectivity

o forces, velocity conditions, contact interface
3.2.2 LS-DYNA Thermal Weld Model

The exact interaction between the heat source and the weld model is a complex

phenomenon that cannot be modeled with ease. A weld heat source model by J. Goldak [17] is
used by LS-DYNA to model the weld heat source. This model is based on the Gaussian

distribution of power in space. An important feature of this model is that it uses a double
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ellipsoidal method of heat deposition such that the size and shape of the energy source can be
easily changed to account for different types of welds namely, arc welding, laser and beam

welding, and friction stir welding. Figure 3.2 shows the Goldak’s model.

o

/ a

Co C1

-/.
Figure 3.2. J. Goldak’s heat source model [17]
The weld shape parameters (a, b, C1, C2) are defined by using the BOUNDARY THERMAL
WELD keyword in the LS-DYNA input file.
3.3 LS-PREPOST
LS-PREPOST [16] is a new post processor for LSDYNA developed by LSTC. It is a full

featured post-processor for all types of LS-DYNA simulations. The graphic user interface is
designed in a manner to create a user friendly environment. It supports the latest Open-GL
standards to provide fast rendering for fringe plots and animation results. It also handles the
ASCII output data and links it to the input files and animations.
A few of LS-PREPOST features include:

e Contour plots

e X-Y graphs

e Overlay plots

e Vector plots

e Animations
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e Multiple view ports

e ASCII plotting

e Printing formats: PS, TIFF, PNG, JPG, VRML, GIF

e Movie formats: MPEG, AVI

e Input deck manipulation

e Mesh manipulation
3.4 Model Development for FSW of a Butt Weld
3.4.1 Geometry

The geometric modeler used in this study is MSC.Patran. Two sheets are modeled with

each sheet having dimensions of 0.305m*0.105m*0.008m. Figure 3.4 shows the modeled

geometry.

o

Figure 3.4. Geometric model of two plates to be welded.

3.4.2 Mesh Development
The two sheets were meshed with the same mesh parameters and elements. Three

dimensional solid quad elements were used to mesh the sheets. A total of 20000 elements (250
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by 20 by 4 grid-points along the length, width and thickness of each sheet respectively) are
generated in each sheet with mesh density being fine at the weld line and gradually increasing in

coarseness away from the weld line. Figure 3.5 shows the finite model of the sheets.

Figure 3.5. Finite element model of the sheets.

3.4.5 Material Properties

Three different alloys were used in the butt weld study, Al6061-T6, A15052-H32, and
AA7050-T7451. Their properties are tabulated in Tables 3.1, 3.2, and 3.3 respectively while
Figure 3.6 shows the comparison of thermal properties for different Aluminium alloys obtained
from data collected from ASM handbook and published papers. The temperature dependent

properties were included in LS-DYNA models for butt and lap welds.
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Table 3.1

Thermal material properties of A16061-T6 alloy [13]

22

Temperature
°C -17.8 37.8 148.9 204.4 260 371.1 | 426.7 | 582
Specific heat
J/Kg°C 904 945 1004 1028 1052 1104 | 1133 | 1230
Thermal
Conductivity 162 162 184 192 201 217 223 253
W/m °C
Table 3.2
Thermal material properties of A15052-H32 alloy [10]
Temperature
°C 0 80 180 280 380 480 520 590
Specific heat
J/Kg°C 900 960 1000 1050 1100 1150 | 1155 | 1200
Thermal
Conductivity | 160 170 185 205 220 230 235 250
W/m °C
Table 3.3
Thermal material properties of AA7050-T7451 alloy [18]
Temperature
°C 20 100 200 300 400 510
Specific heat
J/Kg°C 866 915 949 1041 1178 1276
Thermal
Conductivity | 13542 | 165.79 | 185.18 | 207.06 | 222.43 | 220.14
W/m °C
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Figure 3.6. Comparison of thermal properties for different Aluminium alloys.
3.4.4 Boundary Conditions

Boundary conditions for the butt weld model were specified through LS-DYNA codes.
Assumptions were made for various boundary conditions based on data collected from various
published research papers [1, 10, 12, and 13]. The boundary conditions in this model are usually
dependent on the overall heat transfer process.

Convective heat losses occur across all the free surfaces of the work piece and conduction
losses occur from the workpiece surface to the backup plate. Also there is a small heat loss to the
tool and minimal heat loss through radiation from the workpiece surface. As the difference in
process temperatures and ambient temperatures are relatively low, the percentage of heat lost due
to radiation is low (less than 3% according to Khandkar et al.). Hence the effective radiative heat

losses were neglected.
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Convective boundary conditions for this process are defined at the free surfaces i.e., top

and side surfaces of the sheet by equation (3.6).

4T =h_(T-T,) (3.6)

free_surfaces

Parameter n represents the direction coordinate, h., is the ambient convection coefficient, k

is the thermal conductivity of the sheet and T, is the ambient temperature. In this current model a

typical value of h was taken to be 15 W/m?” °C using an ambient temperature of 22°C for top and
side surfaces of workpiece as this is typical for FSW heated top surfaces [13,14].

In order to account for the conductive heat loss through the bottom surface of weld plates

a high overall heat transfer coefficient has been assumed off the bottom surface of sheets similar

to the researcher’s work [8] as discussed in literature review. This factor simplified as pseudo-

convective Newtonian boundary condition [3] is described as in equation (3.7).

VLAY R (3.7)

bottom

where h is the simplified convective coefficient at bottom surface of the sheets in contact
with the backup plate. Due to the complexity involved in obtaining the contact condition
between the sheet and backup plate, the value for h had to be estimated by assuming different
values through reverse engineering technique. In this study the optimized value for h was found
to be 300 W/m* °C.

Figure 3.7 shows the schematic representation of boundary conditions that were used for

the FSW of the butt weld model.
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Q, Heat flux h=15 W/mZ°C

(convection from top and
side surfaces)

Initial temperature = 22°C
Weld

Heat transfer coefficient = 300 W/m? °C
T, =22°C

Figure 3.7. Schematic representation of boundary conditions for FSW of butt weld.
3.4.5 Heat Input Implementation for Butt Weld
The heat generated in the FSW process is due to the following [19] main factors:
o Frictional heat at the interface of the shoulder and the workpiece
o Plastic deformation of the weld metal in the area surrounding the pin

The heat generated by plastic deformation of the weld metal in the area surrounding the
pin is of a lower magnitude [8] and is difficult to quantify. Hence it was neglected in this study.
Therefore in this model, only the heat generated by friction between the workpiece and tool
shoulder was considered.

The total heat transfer process in the workpiece is transient compared to a relatively
steady state heat transfer process using a tool frame of reference. Total heat input to the
workpiece calculated through the empirical equation is applied on the shoulder area to predict the
overall temperature evolution in the workpiece.

The total heat input Q in watts for this model is calculated through Frigaard et al. [20]

equation and is applied as a moving heat source through LS-DYNA code that uses Goldak’s
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moving heat source model rather than using Rosenthal’s moving heat source model used by
various researchers [5, 7]. The torque required to rotate a circular shaft relative to the plate

surface under the action of axial load is given by equation (3.1),
M =2/3 ump(r) R® (3.1)

Where M is the torque, p is the dynamic friction coefficient, R is the surface radius and p(r) is
the pressure distribution across the interface between tool and workpiece with all units being in

S.I. system.

Q= oxdm (32)

R
Q= ja)27z,upr2dr (3.3)
0
Where Q in equation 3.3 is the total heat generated, p is the pressure of the shoulder on to the

workpiece and o is the angular velocity. Substituting ® =2 © N in the equation (3.3) we have,

R
Q= [47° upNr’dr (3.4)
0

Q =§ upr*NR® (3.5)

Therefore by equation (3.5), the rate of heat generation at the interface between the shoulder and

top of the workpiece surface is a function of the frictional coefficient u(T), rotational velocity N
(rotations per second), and radius of shoulder R.

The tool shoulder radius used in this butt weld study was 12.5 mm, tool pin radius was

5 mm and the tool pin length was 8 mm. The dimensions for the tool were obtained from

Khandkar et al. [13] for correlation to the published research data. The dynamic friction

coefficient, u is a complex factor and is a function of various parameters such as temperature,
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surface roughness, travel rate of tool and the pressure applied [11]. Hence in order to evaluate the
frictional coefficient an inverse approach was adopted. Two simulation runs were performed
where the heat input value was used to back calculate the friction coefficient while in the second
simulation the overall peak temperatures were used to calculate the friction coefficient. Through
a trial-error procedure a frictional coefficient of 0.3 to 0.4 was found to give comparable results.
The frictional coefficient range was similar to that used by other researcher’s [1, 3, 8, 13]
3.5 Model Development for FSW of a Lap Weld
3.5.1 Geometry

The geometric modeler used in this study is MSC.Patran 2005. Two sheets are modeled
with each sheet having dimensions of 0.305 m long by 0.102 m wide by 0.0018 m thick. Figure
3.8 shows the modeled geometry. The dimensions of the model for the butt and lap weld are

similar except the thickness which is lower for sheet used for lap weld.

—0.0018m

Figure 3.8. MSC.Patran model of two sheets lapped over each other (Isometric view and side
view of two sheets).
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3.5.2 Mesh Development

The two sheets were meshed with the same mesh parameters and elements, consisting of
three dimensional solid quad elements. A mesh independency study was done to check for the
effect of mesh density on the results. From mesh independency check the results for the model
having 15000 elements and more were similar hence the model with 15000 elements was chosen
for reduced computational time. A total of 250 by 20 by 3 grid-points or elements were
generated in each sheet along the length, width and thickness respectively. A variable mesh
density was used along the width of sheets such that it was finer towards the weld line while
coarser towards the edge of the sheet with the smallest element being 1 mm at that region. Figure

3.9 shows the meshed sheets.

Figure 3.9. Finite element model of the two sheets lapped together (Top view and side view).
3.5.3 Material Properties
Three different alloys were used in this lap weld study: Al6061-T6, AA7050-T7451, and
Al2024-T3. Their properties are tabulated in Tables 3.1, 3.3, and 3.4 respectively. The material

properties were obtained from published data and ASM Handbook [13, 18, 14, and 24].
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Table 3.4

Thermal material properties for A12024-T3 alloy [14]

Temperature
°C 20 100 200 300 400 500 545

Specific heat
J/Kg°C 850 900 950 970 1000 1080 | 1100

Thermal
Conductivity 176 185 193 193 190 189 189
W/m °C

3.5.4 Boundary Conditions

Boundary conditions for the butt weld model were specified through LS-DYNA codes.
Assumptions were made for these boundary conditions based on data collected from various
published research papers [1, 10, 12, and 14].

Similar to the butt weld model, in the lap weld model the convective heat losses occur
across all the free surfaces of the work piece and conduction losses occur from the workpiece
surface to the backup plate. Also there is a small heat loss to the tool and minimal heat loss
through radiation from the workpiece surface. As the difference in process temperatures and
ambient temperatures are relatively low, the percentage of heat lost due to radiation is low (less
than 3% according to Khandkar et al.) the effective radiative heat losses are neglected.

Convective boundary conditions for this process are defined at the free surfaces i.e., top

and side surfaces of the sheet by equation (3.6).

il =h (T-T,) (3.6)

free _surfaces

In equation (3.6) n represents the direction coordinate, h,, is the ambient convection coefficient, k

is the thermal conductivity of the sheet and T is the ambient temperature. In this current model
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the value of h is taken to be 15 W/m?® °C for an ambient temperature of 25°C for both top and
side surfaces of workpiece as its effect on the overall temperature history of the workpiece quite
low as assumed by many researchers [8, 13, and 14].

As with butt weld simulation in order to account for the conductive heat loss through the
bottom surface of weld plate a high overall heat transfer coefficient has been assumed off the
bottom surface of the bottom sheet as done by researchers [3, 8, 12, 13] . This assumption was
being made on the fact that the exact contact resistance between the sheet and plate is difficult to
be accurately quantified. This factor simplified as pseudo- convective Newtonian boundary

condition [14] is described as in equation (3.7).

i =h(T-T,) (3.7)

y bottom

In equation (3.7) h is the simplified convective coefficient at bottom surface of the sheet in
contact with the backup plate. Due to non-availability of the contact condition between the sheet
and backup plate the value for h had to be estimated by assuming different values [email
correspondence Dr. Chao) through reverse engineering technique adopted by various researchers
[3, 8, 12, and 13]. In this study the optimized value for h was found by back calculating the value
necessary for correlating experimental peak temperatures with simulated peak temperatures. This
value was found to be 150 W/m? °C.

For the boundary condition in between the two sheets, the contact condition is quite
complicated to be calculated physically and also related experimental studies are limited in this
area [14, 21]. This concept of Thermal Contact Conductance (TCC) has been obtained from the
works of Xu and Khan [21] and Khandkar et al. [14]. As discussed in the literature review, they
developed this concept because the contact resistance between the faying surfaces dictates the

overall thermal history and this value is directly proportional to the pressure applied on the tool.
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A relationship was developed between the basic heat transfer coefficient and a dimensionless
contact pressure at the surfaces in contact given by equation (3.10). According to this equation
the heat transfer coefficient increases with increasing pressure.

HTC = HTCo*p (3.10)
In equation (3.10) HTC is the heat transfer conductance and HTCo is the basic thermal contact
conductance in this case 2x10° W/m°C calculated for this study using an equation developed by
Madhusudana [25] and p is the dimensionless pressure distribution factor.

In this study the TCC at areas below tool shoulder have been taken to be highest of 2x10°
W/m°C while it decreased by a factor of 10 away from the tool shoulder region. This was to
account for the rapidly decreasing tool pressure away from region below the tool shoulder and
therefore contact resistance as predicted by equation (3.10). Different values for the (TCC) have
been investigated for the model verification with cases having fixed TCC and variable TCC.

Figure 3.10 shows the schematic representation of boundary conditions that were used for the

FSW of lap weld model.
h=15W/m’°C
(convection from top and
Q, Heat flux side surfaces)
weld T T
Initial temp. = 25°C /ﬁeQ}v ~ #:jiif”
Lﬁx e*ﬁfﬁ " TCC between sheets =
" _ 2#10° W/m°C
= (Reduced by factor of 10

- w outside of tool shoulder

contact area)
Heat transfer coefficient = 150 W/m? °C

Te =25°C

Figure 3.10. Schematic representation of boundary conditions for FSW of lap weld.
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3.5.5 Heat Input Implementation for Lap Joint

Currently the heat generated process in FSW [14] was assumed to be similar to butt weld
model due to lack of adequate information on lap welds. However in both the butt and lap welds,
heat is generated by friction between the shoulder/pin and workpiece as well as through the
plastic deformation of the workpiece material [8].

As with the butt weld, the heat generated by plastic deformation of the weld metal in the
area surrounding the pin is of a significantly lower magnitude [8] and is difficult to be exactly
quantified. Hence it was neglected in this lap weld study. Therefore in this model, only the heat
generated by friction between the workpiece and tool shoulder was considered.

The total heat transfer process in the workpiece is transient from a workpiece frame of
reference compared to a relatively steady state heat transfer process from a tool reference frame.
Total heat input to the workpiece was calculated through the empirical equation (3.11) was
applied on the shoulder area to predict the overall temperature evolution in the workpiece. The

total heat input Q for this model was calculated through Frigaard et al. [20] equation (3.11)
4 Rl
ng,upzr NR (3.11)

The rate of heat generation at the interface between the shoulder and top of the workpiece
surface is a function of the dynamic frictional coefficient p (T), rotational velocity N, and radius
of shoulder R. The tool shoulder radius used in this butt weld study was 12.5 mm, tool pin radius
is 5 mm and tool pin length was 2.8 mm. The dimensions for the tool were obtained from
Khandkar et al. [13] for correlation purposes. The dynamic friction coefficient, pu, is a complex
factor and is a function of various parameters such as temperature, surface roughness, travel rate
of tool and the pressure applied. Hence in order to evaluate the frictional coefficient an inverse

approach was adopted. Two simulation runs were performed where the heat input value was used
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to back calculate the friction coefficient while in the second simulation the overall peak
temperatures were used to calculate the friction coefficient. Through this procedure a frictional
coefficient of 0.15 to 0.2 was found to give comparable results to test data.

3.6 Parametric study Definitions for Butt and Lap welds

A parametric study was performed for FSW of butt and lap welds using the validated
models. Parameters including tool travel rate, rotational tool speeds, and different workpiece
materials were studied. These parameters dictate the overall workpiece temperature history,
based on a literature review of many researchers [3, 10, 12, and 13] who studied them in their
studies or analyses.

3.6.1 Butt Weld Model Correlation and Parametric Study Definitions
Model Verification for Butt Weld

In order to develop a useful thermal model for simulating FSW butt weld cases it was
important to correlate the model to existing experimental data. Hence in this study the developed
three-dimensional model has been correlated to the experimental data of Khandkar et al. [13].

The model used for correlation had sheet dimensions of 0.305 m by 0.105 m by 0.008 m
of Al6061-T6 alloy material. The tool shoulder diameter was 0.025 m and tool pin diameter was
0.01 m. The tool pin length was 0.008 m and tool rpm was 390 rpm while the applied downward
force on tool was taken to be 22.4 KN and tool travel rate was 140 mm/min.

Experimental measurements were made by Khandkar [14] through the use of twenty-five
thermocouples embedded at different locations and depths in 3 layers in plate. These
thermocouples were glued in the holes in plate by high temperature epoxy. Temperatures were
recorded only on one side of the weldline as the overall process was symmetric about the weld

centerline.
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The graph in Figure 3.11, 3.12, and 3.13 show the comparison between instantaneous
experimental and simulation results for top surface, mid surface, and bottom surface
respectively. The workpiece temperatures were measured and calculated perpendicular to the
weld line at t = 75 seconds i.e., at a distance of 190 mm from the end of the sheet. In Figure 3.11
the maximum top surface experimental temperature of 430°C was matched equally to the
modeled temperature. The peak temperature at the edge of sheet was 75°C which matched the
modeled temperature at that point. The overall trend was similar in both experimental and
numerical case which is required for a good correlation. Some difference in between
experimental and numerical temperature was seen ranging from 15-50°C at 15mm to 30 mm
from weld centerline. However difference could have been reduced if the installed operative
error range of the thermocouples were known. A similar trend was seen for mid and bottom

surface temperature profiles shown in Figure 3.12 and Figure 3.13.
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Figure 3.11. Comparison of simulated and experimental results recorded perpendicular to weld
line on top surface for A16061T6 at a distance of 190 mm from edge of sheet.
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Figure 3.12 Comparison of simulated and experimental results recorded perpendicular to weld
line on mid surface for AI6061T6 at a distance of 190 mm from edge of sheet.
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Figure 3.13. Comparison of simulated and experimental results recorded perpendicular to weld
line on bottom surface for A16061T6 at a distance of 190 mm from edge of sheet.
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Parametric Study Definitions for Butt Weld

The results obtained from the simulations in Figure 3.11 to 3.13 correlated fairly well
with the experimental top, mid and bottom surface temperature distributions. This correlated
model for the butt weld was used for the subsequent parametric study, which included
maintaining constant rotational speed, force on the tool, tool dimensions and the friction
coefficient while varying the tool travel rate. Table 3.5 shows the summarized model
descriptions for each of the cases considered.

Table 3.5

Model descriptions for various cases in the parametric study of a butt weld

Case 1 Case 2 Case 3
Alloy material Al6061-T6 Al5052-H32 Al7050-T7451
Sheet length (m) 0.305 0.305 0.305
Sheet width (m) 0.102 0.102 0.105
Sheet thickness (m) 0.00813 0.00813 0.00813
Shoulder diameter (m) 0.025 0.025 0.025
Pin diameter (m) 0.01 0.01 0.01
Pin length (m) 0.008 0.008 0.008
Travel rate (mm/min) | 90 | 115 | 140 | 170 | 200 | 115 | 140 | 175 | 200 | 140 | 170 | 200 | 225
Rotational velocity 41 41 41
(rad/s) (390 rpm) (390 rpm) (390 rpm)
Down tool force (KN) 22.4 22.4 22.4
Bottom convection 300 300 300
coefficient(W/m” °C)
Initial workpiece and 22 22 22
ambient temperature
O
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Three travel rate cases have been studied involving 3 different aluminium alloys. The tool travel
rate was chosen in accordance with the solidus temperature of different alloy types used such
that the resultant temperature was below the solidus temperature of the alloy.
3.6.2 Lap Weld Model Correlation and Parametric Study Definitions
Model Verification for Lap Weld

In order to develop a useful model for obtaining the thermal history in the workpiece
during the FSW of lap weld it is important to correlate the model to experimental data. Similarly
to butt weld modeling, the goal was to match the maximum experimental temperature data of the
workpiece with the simulated data. Hence in this study the developed three-dimensional model
has been correlated to the experimental data published by Khandkar et al [14]. Table 3.6 shows
the various correlation cases considered. Through a similar approach adopted as in the butt weld
model, different combinations of friction coefficient and the bottom convective coefficient were
used to correlate model temperature history to test data.

Best comparison between results at weldline were obtained for p = 0.15 and
h =150 W/m® °C. Also these factors were in the range of the values that were used by various
researchers [3, 8, 13,14] Once these two factors were calculated, the model was refined to get a
good match between results obtained across the surface perpendicular to the weld-line through
correlation cases 1 to 4. In cases 2 to 4 the thermal contact conductance was reduced by a factor
of 10, 1000 and 100 respectively to check for possible effects of any contact resistance in
between the faying surfaces of the two sheets as previously performed by Khandkar [14]. The
differences in modeling approaches were the method of application of TCC at the contact surface

and the equation used to calculate the basic thermal contact conductance (developed by
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Madhusudana [25] as discussed in previous section). As the contact conditions between the
sheets were not known and quantified this assumption was used to estimate the TCC.
Table 3.6

Correlation models for FSW of a lap weld

Case 1 Case 2 Case 3 Case 4
Alloy material Al15454-0 Al15454-0 Al5454-0O Al5454-0
Sheet length (m) 0.305 0.305 0.305 0.305
Sheet width (m) 0.102 0.102 0.102 0.102
Sheet thickness (m) 0.0018 0.0018 0.0018 0.0018
Shoulder diameter (m) 0.025 0.025 0.025 0.025
Pin diameter (m) 0.01 0.01 0.01 0.01
Pin length (m) 0.0028 0.0028 0.0028 0.0028
Variable Thermal Contact 2.0E6 2.0E6* 2.0E6** 2.0E6***
Conductance (W/m® °C) (fixed)
Travel rate (mm/min) 140 140 140 140
Rotational velocity (rad/s) 52.33 52.33 52.33 52.33
(500 rpm) (500 rpm) (500 rpm) (500 rpm)
Down tool force (KN) 17.5 17.5 17.5 17.5
Bottom convection 150 150 150 150
coefficient (W/m’ °C)

* Thermal contact conductance between sheets decreased by 10 times beyond tool shoulder.

** Thermal contact conductance between sheets decreased by 100 times beyond tool shoulder.
*#* Thermal contact conductance between sheets decreased by 1000 times beyond tool shoulder.
Figure 3.14 shows the correlation between the results from case 2, case 3 with the best fit (0%
error line) curve. In this plot the results from either sides of weld centerline are taken and plotted

against the 0% error line which is the perfect match case with experimental results being exactly
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equal to simulation results. It is seen through the linear trendlines for both the cases that results
from case 2 best match up to the perfect correlation scenario. Figure 3.15 shows the distribution

of corresponding test and simulation results.
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Figure 3.14. Correlation of case 2 and case 3 of lap weld with best fit (0% error) line.

Results from case 1 and case 4 produced inconclusive results in terms of the peak
temperatures (510°C) and the minimum temperatures (190°C) obtained in the sheets which
varied by 10 % from the experimental results. Hence were not included in the correlation chart.
The successful correlation case 2 model was taken for further parametric studies and analyses.
Figure 3.15 and 3.16 show the comparison of results for top surface and mid surface respectively
from the case 2 model. As seen from Figure 3.13 three data points out of four data points match
to a great extent with the maximum difference being less than 10°C. The extent of correlation
between experimental and calculated workpiece temperature could have more precisely defined

if the installed operative error range of the thermocouples used in the experiments were known.
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Figure 3.15. Comparison of simulated and experimental results recorded for lap weld
perpendicular to weld line on top surface at a distance of 190 mm from the edge of sheet.
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Figure 3.16. Comparison of simulated and experimental results recorded for lap weld
perpendicular to weld line on mid surface at a distance of 190 mm from the edge of sheet.
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Parametric Study Definitions for Lap Weld
In this study the parameters included force on the tool, tool dimensions and the friction
coefficient, all of which were kept constant. Table 3.7 shows the summarized model descriptions
for the first three cases considered. Table 3.8 shows the details for case 4.
Table 3.7

Model descriptions for various cases in the parametric study of lap welds

Case 1 Case 2 Case 3
Alloy material Al2024-T3 Al6061-T6 Al7050-T7451
Sheet length (m) 0.305 0.305 0.305
Sheet width (m) 0.102 0.102 0.102
Sheet thickness (m) 0.0018 0.0018 0.0018
Shoulder diameter (m) 0.025 0.025 0.025
Pin diameter (m) 0.01 0.01 0.01
Pin length (m) 0.0028 0.0028 0.0028
Travel rate (mm/min) 140 | 180 | 220 | 100 | 140 | 180 | 100 | 125 | 150
Rotational velocity (rad/s) 52.33 52.33 52.33
(500 rpm) (500 rpm) (500 rpm)
Down tool force (KN) 17.5 17.5 17.5
Bottom convection 150 150 150
coefficient (W/m? °C)
Initial process 25 25 25
temperature (°C)

The parameter varied here was the tool travel rate in cases 1 to 3 while in case 4 the tool travel
rate was kept constant and the rotational speed was varied to observe the peak temperatures

obtained through the top, mid and bottom surfaces. The parameters were chosen such that the
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resultant peak temperatures were below the solidus temperature of each alloy used in the
analyses. These parameters were within commonly used parameters in current research [3, 10,
and 14].

Table 3.8

Model description for case 4 of lap weld in the parametric study

Case 4
Alloy material Al2024-T3
Sheet length (m) 0.305
Sheet width (m) 0.102
Sheet thickness (m) 0.0018
Shoulder diameter (m) 0.025
Pin diameter (m) 0.01
Pin length (m) 0.0028
Travel rate (mm/min) 140 180 220
41.86 41.86 41.86
(400 rpm) (400 rpm) (400 rpm)
Tool rotational velocity (rad/s) 52.33 52.33 52.33
(500 rpm) (500 rpm) (500 rpm)
62.8 62.8 62.8
(600 rpm) (600 rpm) (600 rpm)
Down tool force (KN) 17.5
Bottom convection coefficient (W/m” °C) 150
Initial workpiece and ambient temperature 25

O
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Butt Weld Simulation Results
Three cases for parametric study were considered with Case 1 for Al6061T6 with tool travel
rates varied from 90 mm/min to 200 mm/min, Case 2 for A15052H32 alloy with tool travel rates
varied from 115 mm/min to 200 mm/min and Case 3 for AI7050 alloy with travel rates varied
from 140 to 200 mm/min. The tool travel rates were chosen such that the obtained workpiece
temperatures were below the solidus temperature required for good FSW butt weld.
4.1.1 Case 1: A16061-T6 alloy

Figures 4.1.1, 4.1.2, and 4.1.3 show the temperature contours obtained at 2 seconds, 60
seconds and 107 seconds respectively for a tool travel rate of 90 mm/min. Figure 4.1.4 shows the

temperature contours through the weld seam obtained at 60 seconds.

CASE 1:AL6061-T6,V=00MM/MIN
Contours of Temperature

min=22, at node# 27327
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Figure 4.1.1. Top surface temperature contours after 2 sec at tool travel rate of 90 mm/min.
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CASE 1:AL6061-T6,v=90MM/MIN

Contours of Temperature Fringe Levels
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Figure 4.1.2. Top surface temperature contours after 60 sec at tool travel rate of 90 mm/min.

CASE 1.AL6061-T6,v=90MMIMIN

Contours of Temperature Fringe Levels

min=34.1981, at node# 25270 51720402

max=912.245, at node# 89422 =
4.644e+02

1.166e+02
3.688e+02 _
3.210e+02 _
2.732e+02
2.250e+02
1.776e+02 _
1.298e+02 ||

8.200e+0
3.420e+01

Joint Type = Butt
Alloy = A16061T6

Figure 4.1.3. Top surface temperature contours after 107 sec at tool travel rate of 90 mm/min.
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Contours of Temperature Fringe Levels
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Figure 4.1.4. Temperature contours through the weld seam at a tool travel rate of 90 mm/min.
Figure 4.1.5, 4.1.6, and 4.1.7 show the instantaneous temperature profiles for linear tool
velocities of 90 mm/min, 115 mm/min, and 140 mm/min respectively at a distance of 190 mm
from the initial position of start of weld. Figure 4.1.7 shows the variation of temperature on top

surface for different tool travel rates.
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Figure 4.1.5. Instantaneous temperature profiles perpendicular to weld line at 90 mm/min.
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Figure 4.1.6. Instantaneous temperature profiles perpendicular to weld line at 115 mm/min.
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Figure 4.1.7. Instantaneous temperature profiles perpendicular to weld line at 140 mm/min.
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Figure 4.1.8. Variation of temperature on top surface for different tool travel rates.
Temperature contour plots from Figure 4.1.1 to 4.1.3 show thermal profiles similar to that seen
in FSW applications, similarly the contour plots show constant heating effect taking place ahead
of the tool which is typical for a FSW process. A linear relationship was observed between the
travel rate and peak temperature.

It is also seen from the temperature history plots from Figure 4.1.8 for A16061-T6 alloy
that the maximum or peak temperature obtained varied between 510°C and 430°C for tool travel
rates varying from 90 mm/min to 200 mm/min for a constant tool rpm of 390 rpm. As expected
the slower the travel rate, the higher the temperature as there is more time for localized
workpiece heating. Also the minimum temperature obtained varied between 97°C to 45°C at the
edge of sheet perpendicular to weld line. Good weld quality could be obtained for peak
temperatures in between 450°C to 510°C [3] which is possible with welding speeds in the range

of 90 mm/min to 170 mm/min for a tool rpm of 390 rpm. For all tool travel rates a constant
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temperature difference between top surface to mid surface and mid surface to bottom surface was
seen. Possibly due to the high thermal conductivity of material compared to heat accumulation
from thermal capacitance. This difference was 35°C in between the top surface and mid surface
while 17°C was the difference between the mid surface and bottom surface temperature.
4.1.2 Case 2: Al 5052-H32 alloy

Figure 4.2.1, 4.2.2, and 4.2.3 show the instantaneous temperature profiles for linear tool
velocities of 115 mm/min, 140 mm/min, and 175 mm/min respectively at a distance of 190 mm
from the edge of the A15052-H32 sheet. Figure 4.2.4 shows the variation of temperature on top
surface for different tool travel rates. The temperatures were recorded after a process time of 92
seconds, 76 seconds, 62 seconds and 54 seconds for linear speeds of 115 mm/min, 140 mm/min,
175 mm/min, and 200 mm/min respectively. The process time for travel rates of 115 mm/min,

140 mm/min, and 175 mm/min was 115 seconds, 95 seconds, and 77 seconds respectively.
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Figure 4.2.1. Instantaneous temperature profiles perpendicular to weld line at 115 mm/min.
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Figure 4.2.2. Instantaneous temperature profiles perpendicular to weld line at 140 mm/min.
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Figure 4.2.3. Instantaneous temperature profiles perpendicular to weld line at 175 mm/min.
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Figure 4.2.4. Variation of temperature on top surface for different tool travel rates.

It is seen from the temperature history plot from Figure 4.2.4 for A15052-H32 alloy that
the maximum or peak temperature obtained varies in between 495°C and 432°C for tool travel
rate varying from 115 mm/min to 200 mm/min at constant tool rpm of 390 rpm. Also the
minimum temperature obtained varied in between 80°C to 43°C at edge sheet perpendicular to
weld line. Good weld quality could be obtained for peak temperatures in between 450°C to
510°C which is possible with welding speeds in the range of 115 mm/min to 175 mm/min for a
tool rpm of 390 rpm. Similar to the previous case, for the travel rates considered a constant
difference in temperature between top surface to mid surface and mid surface to bottom surface
was seen possibly due to the high thermal conductivity of the material compared to the heat
accumulation from thermal capacitance. This difference was 37°C in between the top surface and
mid surface while 17°C was the difference between the mid surface and bottom surface

temperature.
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4.1.3 Case 3: A17050-T7451

Figure 4.3.1, 4.3.2, and 4.3.3 show the instantaneous temperature profiles for tool travel
rates of 140 mm/min, 170 mm/min, and 200 mm/min respectively at a distance of 190 mm from
the starting location of the tool on the A17050-T7451 sheet. Figure 4.3.4 shows the variation of
temperature on top surface for different tool travel rates. The temperature were recorded after a
process time of 75 seconds, 63 seconds, 54 seconds, and 48 seconds for linear speeds of 140
mm/min, 170 mm/min, 200 mm/min, and 225 mm/min respectively. The computation time for
linear speeds of 140 mm/min, 170 mm/min, and 200 mm/min was 95 seconds, 79 seconds, and
67 seconds respectively. From the heat source reference, the temperature distribution at each
instant is a quasi-steady state mode. It was seen through these plots that the shape profiles for
different travel rates were similar with difference being in the peak temperatures and having

constant AT in between the surfaces.
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Figure 4.3.1. Instantaneous temperature profiles perpendicular to weld line at 140 mm/min.
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Figure 4.3.2. Instantaneous temperature profiles perpendicular to weld line at 170 mm/min.
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Figure 4.3.4. Variation of temperature on top surface for different tool travel rates.

It 1s seen from the temperature history plots from Figure 4.3.4 for A17050-T7451 alloy
that the maximum or peak temperature obtained varied in between 477°C and 422°C for tool
travel rates varying from 140 mm/min to 225 mm/min at constant tool rpm of 390 rpm. Also the
minimum temperature obtained at edge of sheet perpendicular to weld line varied in between
64°C to 36°C. Similar to previous cases, the slower the travel rate, the higher the temperature as
there is more time for localized workpiece heating Good weld quality could be obtained for peak
temperatures in between 420°C to 490°C which is possible with welding speeds in the range of
140 mm/min to 225 mm/min for a tool rpm of 390 rpm. For all the linear speeds a constant
difference in temperature between top surface to mid surface and mid surface to bottom surface
was seen. This difference was 36°C in between the top surface and mid surface while 16°C was
the difference between the mid surface and bottom surface temperature. Possibly due to the high

thermal conductivity of material compared to heat accumulation from thermal capacitance.
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Summary of Results for FSW of Butt Weld

Table 4.1, 4.2, and 4.3 show the tabulated peak temperature results for butt weld of

Al6061-T6, A15052-H32, and A17050-T7451 respectively.

Table 4.1

Summary of peak temperatures for butt weld of A16061-T6

Material | Tool rotational | Tool travel | Top surface peak | Mid surface peak | Bottom surface
velocity (rpm) rate temperature (°C) | temperature (°C) peak
(mm/min) temperature (°C)
90 512 476 459
115 491 455 439
Al6061-
T6 390 140 472 436 417
170 446 407 390
200 428 395 380
Table 4.2
Summary of peak temperatures for butt weld of A15052-H32
Material | Tool rotational | Tool travel | Top surface peak | Mid surface peak | Bottom surface
velocity (rpm) rate temperature (°C) | temperature (°C) peak
(mm/min) temperature (°C)
115 493 457 440
Al6061-T6 390 140 473 437 421
175 441 411 397
200 432 395 378
Table 4.3
Summary of peak temperatures for butt weld of A17050-T7451
Material | Tool rotational | Tool travel | Top surface peak | Mid surface peak | Bottom surface
velocity (rpm) rate temperature (°C) | temperature (°C) peak
(mm/min) temperature (°C)
140 477 440 423
Al7050- 390 170 454 419 403
T7451 200 433 400 385
225 421 384 368
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4.2 Lap Weld Simulation Results
Four cases for parametric study were considered: Case 1 for Al2024T3 with tool travel rates
varied from 140 mm/min to 220 mm/min, Case 2 for AI6061T6 alloy with tool travel rates varied
from 100 mm/min to 180 mm/min, Case 3 for A17050 alloy with travel rates 100 to 150 mm/min
and Case 4 for Al2024T3 alloy with travel rates varied from 140 to 220 mm/min and rotational
tool speeds varied from 400 to 600 rpm. The tool travel rates and rotational speeds were chosen
such that the obtained workpiece temperatures were below the solidus temperature required for
good FSW butt weld.
4.2.1 Case 1: Al2024-T3 alloy

Figures 4.4.1, 4.4.2, and 4.4.3 show the temperature contours obtained at 2 seconds, 38
seconds and 80 seconds respectively for a weld speed of 140 mm/min. this represents the weld
start, halfway through the weld (pseudo-steady state) and near end of weld. Figure 4.4.4 shows

the cross-sectional view of temperature contours through the weld seam at 38 seconds.
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Figure 4.4.1 Top surface temperature contours after 2 sec at tool travel rate of 140 mm/min.
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Figure 4.4.2. Top surface temperature contours after 38 sec at tool travel rate of 140 mm/min.
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Figure 4.4.3. Top surface temperature contours after 80 sec at tool travel rate of 140 mm/min.
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Figure 4.4.4. Cross-sectional view of temperature contours through the weld seam.
Figure 4.4.5, 4.4.6, and 4.4.7 show the instantaneous temperature profiles for linear tool
velocities of 140 mm/min, 180 mm/min, and 220 mm/min respectively at a distance of 190 mm
from the edge of the AI6061-T6 sheet. The temperatures were recorded after a process time of 82
seconds, 65 seconds, and 54 seconds for linear speeds of 140 mm/min, 180 mm/min, and 220

mm/min respectively. At this stage the heat transfer process is in a pseudo-steady state operation.
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Figure 4.4.5. Instantaneous temperature profiles at perpendicular to weld line at 140 mm/min.
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Figure 4.4.6. Instantaneous temperature profiles perpendicular to weld line at 180 mm/min.
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Figure 4.4.7. Instantaneous temperature profiles perpendicular to weld line at 220 mm/min.
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It is seen from the temperature contours in Figures 4.4.1 to 4.4.3 that the peak
temperature occurs mainly in the tool shoulder area and there is a constant heating taking place
in region ahead of the tool similar to the actual lap weld process. Also the peak temperature
across the thickness develops upto a depth of 2 mm which is mainly due to the tool pin that has
penetrated the sheet surface upto a depth of 2.8 mm which is the pin length.

It is also seen from the temperature history plots for A12024-T3 alloy that the maximum
or peak temperature obtained varied in between 440°C and 375°C for tool travel rates varying
from 140 mm/min to 220 mm/min at constant tool rpm of 500 rpm. Also the minimum
temperature obtained varied in between 205°C to 153°C. As expected the slower the tool travel
rate, higher the temperature obtained. Good weld quality could be obtained for peak
temperatures in between 420°C to 490°C which is possible with welding speeds in the range of
140 mm/min to 180 mm/min for a tool rpm of 500 rpm. For all the linear speeds a constant
difference in temperature between top surface to mid surface and mid surface to bottom surface
was seen. Possibly due to high thermal conductivity of the workpiece compared to heat
accumulation from thermal capacitance. This difference was 8°C in between the top surface and
mid surface while 4°C was difference between the mid surface and bottom surface temperature.
4.2.2 Case 2: Al16061-T6 alloy

Figures 4.5.1, 4.5.2, and 4.5.3 show the instantaneous temperature profiles for tool travel
rates of 100 mm/min, 140 mm/min, and 180 mm/min respectively at a distance of 190 mm from
the start location of tool on Al6061-T6 sheet. The temperatures were recorded after a process
time of 15 seconds, 82 seconds, and 65 seconds for tool travel rates of 100 mm/min, 140
mm/min, and 80 mm/min respectively. From the reference frame of heat source, the temperature

distribution at an instant resulted from a quasi-steady state heat transfer mode.
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Similar to the previous case, it is seen from the temperature history plots for A16061-T6
alloy that the maximum or peak temperature obtained varied in between 460°C and 390°C for
travel rates varying from 100 mm/min to 180 mm/min at constant tool rpm of 500 rpm. Also the
minimum temperature obtained varied in between 247°C to 169°C. Good weld quality could be
obtained for peak temperatures in between 410°C to 520°C which is possible with welding
speeds in the range of 100 mm/min to 160 mm/min for a tool rpm of 500 rpm. For all the linear
speeds a constant difference in temperature between top surface to mid surface and mid surface
to bottom surface was seen. Similar to the earlier case it could be due to high thermal
conductivity of material compared to the heat accumulation from thermal capacitance. This
difference was 8°C in between the top surface and mid surface while 4°C was the difference

between the mid surface and bottom surface temperature.
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4.2.3 Case 3: A17050-T7451 alloy

Figures 4.6.1, 4.6.2, and 4.6.3 show the instantaneous temperature profiles for tool travel
rates of 100 mm/min, 125 mm/min, and 150 mm/min respectively at a distance of 190 mm from
the start location of tool on Al7050-T7451 sheet. Tool travel rates were chosen through a
literature review of various researchers [3, 13, and 14] such that the peak temperatures obtained
were below the solidus temperatures of the alloy as required for a FSW process. The
temperatures were recorded after a process time of 115 seconds, 92 seconds, and 76.5 seconds
for linear speeds of 100 mm/min, 125 mm/min, and 150 mm/min respectively. Similar to
previous cases, from the reference frame of heat source, the temperature distribution at these
instants from a quasi-steady state heat transfer mode.

The computation time for linear speeds of 100 mm/min, 125 mm/min, and 150 mm/min
was 132 seconds, 106 seconds, and 88 seconds respectively.
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Figure 4.6.1. Instantaneous temperature profiles perpendicular to weld line at 100 mm/min.
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It is seen from the temperature history plots for Al7050-T7451 alloy that peak
temperatures obtained varied in between 465°C and 410°C for tool travel rates varying from 100
mm/min to 150 mm/min at constant tool rpm of 500 rpm. Good weld quality could be obtained
for peak temperatures in between 410°C to 490°C which is possible with welding speeds in the
range of 100 mm/min to 150 mm/min. For all the linear speeds a constant difference in
temperature between top surface to mid surface and mid surface to bottom surface was seen. As
in previous cases, it is due to high thermal conductivity of the workpiece compared to heat
accumulation from thermal capacitance. Difference was 8°C in between the top surface and mid
surface while 4°C was the difference between the mid surface and bottom surface temperature.
4.2.4 Case 4: Effect of Varying Tool Rotational Speeds on Workpiece Temperatures

The purpose of this case was to study the effect of rotational tool speed on peak
temperatures. In this case for A12024-T3 alloy the rotational speed of tool was varied from 400
rpm to 600 rpm for individual velocities of 140 mm/min to 220 mm/min. The rotational speed
range is typical for FSW process. Table 4.1 shows the tabulated results for various rotational
speeds applied. In FSW the joined material must be below solidus temperature, in this case
410°C. To identify the tool speed and rpm an additional study was performed in this case
wherein the peak process temperature of around 410°C for Al2024-T3 alloy was kept constant
and the tool travel rate and tool rotational velocity is varied in order to achieve the required
temperature. The rotational speed was varied in between 400 rpm and 800 rpm while the tool
travel rate was varied between 100 mm/min to 420 mm/min. Figure 4.7 shows the comparison
between the tool travel rate and the tool rotational speed for a peak temperature of 410°C. It is
seen from Figure 4.7 that for given increase in the tool rotational speed there has to be a

proportional increase in the tool linear speed to achieve the required peak temperature. This is
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probably due to amount of dwell time of tool needed to generate necessary amount of heat. The

faster the linear speed for a given tool rpm less is the time to heat the workpiece.

Table 4.4

Summary of results for case 4 of lap weld

Tool linear Rotational tool Top surface Mid surface Bottom surface
speed velocity (rpm) peak peak peak
(mm/min) temperature (°C) | temperature(°C) | temperature(°C)
400 356 349 345
140 500 438 430 426
600 517 507 502
400 330 324 321
180
500 406 399 395
600 479 470 466
400 305 300 297
220 500 375 368 365
600 442 434 430
900
800 o
700 -
3
£ 600 |
% 500
>
3 /
F 400 -
g —e— Peak temp. 410°C
® 300
i
200
100 A
O T T T T T T T
0 60 120 180 240 300 360 420 480

Linear Tool Speed (mm/min)

Figure 4.7. Comparison between rotational tool velocity and travel rate for A12024-T3.
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Summary of Results for FSW of Lap Weld

Table 4.5, 4.6, and 4.7 shows the summary of peak temperatures obtained for case 1, case

2, and case 3 respectively of lap weld.
Table 4.5

Summary of peak temperatures obtained for case 1 of lap weld

Material Tool Tool Top surface Mid surface Bottom surface
rotational travel rate peak peak peak
velocity (rpm) | (mm/min) temperature temperature temperature
) ) )
140 438 430 426
Al2024- 00
5
T3 180 406 399 395
220 375 368 365
Table 4.6
Summary of peak temperatures obtained for case 2 of lap weld
Material Tool Tool Top surface Mid surface Bottom surface
rotational travel rate peak peak peak
velocity (rpm) | (mm/min) temperature temperature temperature
O O O
AL6061. » 100 463 456 453
Té6 140 417 410 407
180 389 382 379
Table 4.7
Summary of peak temperatures obtained for case 3 of lap weld
Material Tool Tool Top surface Mid surface Bottom surface
rotational travel rate peak peak peak
velocity (rpm) | (mm/min) temperature temperature temperature
) ) )
A17050- <0 100 466 459 455
T7451 125 437 430 427
150 410 403 400
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The original goal of this study was to develop thermal models of butt and lap weld which
could be used to characterize the process and develop process specifications. For determining the
temperature history during the FSW process, three dimensional models for FSW of butt and lap
joints based on friction model were developed for specific experimental cases. The models were
developed using LS-DYNA. The simulated outputs were in good agreement with the
experimental results. Limitations of the models were that they were fit to match unknown
variables like workpiece to backplate conduction and interplate thermal contact conductance to
specific test data. Future work could involve determining these values experimentally.
Parametric study was performed to investigate the effect of material, tool travel rates, and
rotational speeds on temperature history. Based on the modeling effort and parametric study, the
following conclusions could be drawn.

e A use of stepped contact conductance between lap joint sheets gave better correlation of
simulated temperature data to experimental data. The thermal contact conductance used
between the sheets was stepped from 2*10° W/m°C for the region immediately under the
tool shoulder area to a level one-tenth as much. This simulated decrease in contact
pressure between sheets beyond the tool shoulder region. Lower contact conductance at
contact surfaces representing lower contact pressure will result in higher temperatures
and asymmetric temperature fields.

e Use on equivalent convective coefficient into account for workpiece to backplate

conduction allowed adequate correlation of test data to numerical data. A convective
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coefficient of 300 W/m” °C at the bottom surface of the sheet was assumed for a butt
weld to account for the conduction between the sheets and the backup plate. In case of
lapweld a high convective coefficient of 150 W/m?* °C was assumed at the bottom surface
of the bottom sheet. These assumptions were consistent with other researcher’s model
methodology [3, 8, and 13] and yielded good comparison between simulated and
experimental data. However additional testing to define the thermal pathways and
thermal conductance would allow use of models for more general applications.

The model dynamic friction coefficient of 0.3 for the butt weld and 0.15 for the lap weld
permitted correlation of LS-DYNA temperature history plots to experimental data. These
values were in conformity with a large number of published research data.

For FSW lap welds, use of aluminium alloys with difference in thermal conductivity will
probably require different process specifications (tool travel rate and rotational tool
speed) to maintain optimum weld temperature.

The effect of tool travel rate has been investigated for various alloy materials for both
butt and lap welds. Lower the tool travel rate higher was the peak temperature obtained.
By varying the tool travel rate or rotational tool speed, a constant difference in
temperature between top surface to mid surface and mid surface to bottom surface was
seen for both butt and lap welds. This AT for lap weld was lower compared to butt weld
due to difference in processed zone. In lap weld the processed zone is through the
complete thickness of two sheets leading to lower AT that’s required for a good lap weld.
The effect of rotational tool speed has been investigated for lap welds. For given increase
in the tool rotational speed a proportional increase in the tool linear speed was necessary

to achieve the required peak temperature.
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5.2 Recommendations

e Additional lap weld FSW experiments need to be performed so that future better models
could be developed and verified.

e More comprehensive heat generation model for lap welds is needed which uses a more
realistic friction model and includes effects of plastic deformation.

e More accurate techniques or models for predicting the contact resistance in between the
welded sheets need to be developed so that these could be accurately accounted for
during the process model development.

e New clamping techniques need to be developed and characterized for reduction and
possible eradication of any contact resistance present between the sheets to be lap
welded.

e One of the possible techniques for reducing the heat loss through contact resistance
during a FSW lap weld would be to use specialized thermal coatings on the faying
surfaces that would enhance the overall heat transfer in between them.

e The concept of TCC should be studied in depth in order to systematically apply it to the
lap weld process model. Few researchers have developed an approximation for the TCC
with the exception being the relation between the heat transfer coefficient and the

dimensionless pressure distribution at the faying surface developed by Xu et al. [21].
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APPENDIX

LS-DYNA Keywords Used in Analyses

Few of the main cards used to define the model were as follows:

*CONTROL IMPLICIT GENERAL

1, 0.5,

This card is used to define the analysis as an implicit analysis with 0.5 as the implicit
timestep.

*CONTROL_SOLUTION
2
This card is used to define the analysis as a thermal only analysis.

*CONTROL THERMAL TIMESTEP
0,1.00,0.5,0.,0.,0.,0.
This card is used to define the timestep parameters for the thermal only analysis.

*BOUNDARY THERMAL WELD
This card is used to define the thermal weld properties including the total heat to be
applied and the area it has to be applied to.

*MAT THERMAL ISOTROPIC TD
This card is used to define the temperature dependent material properties for the model
and it a maximum of 8 temperatures can be defined in this card.

*INITIAL TEMPERATURE SET
This card is used to specify the initial process temperature of the model. It can be applied
to a group of nodes or to all nodes in model.

*BOUNDARY CONVECTION SET
This card 1s used to specify the convection coefficients to a group of element segments.

*CONTACT _AUTOMATIC SURFACE TO SURFACE THERMAL
This card was used mainly for lap weld model. In this card the thermal contact
conductance for a group of nodes can be specified.

LS-DYNA Keyword for Butt Weld

*KEYWORD

*TITLE

Case:Lap weld:A12024-T3,140mmpm
*CONTROL BULK VISCOSITY

1.5

0.06

*CONTROL CONTACT
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o1 o0 2 o 1 1 1
o 0 10 o0 4
*CONTROL_COUPLING

1 1 1 0 1
*CONTROL_CPU

0
*CONTROL DYNAMIC RELAXATION
250 0.001 0.995 1e+30 0.9 0.04

*CONTROL_ENERGY
1 2 1 1
*CONTROL_HOURGLASS

1 01

*CONTROL_OUTPUT

o0 3 0 0 0 0
*CONTROL_SHELL

20 2 -1 0 2 2 1
*CONTROL_TERMINATION

9%5 0 0 0 0
*CONTROL_TIMESTEP

05 09 0 0 0 0 0 0
*DAMPING_GLOBAL

0 0
*DATABASE BINARY D3PLOT
0.5
$*DATABASE TPRINT
$2
$
*CONTROL IMPLICIT GENERAL
1,0.5,
*CONTROL SOLUTION
2
*CONTROL THERMAL SOLVER
$1,0,1,0.,0
1 ’0’3 ”8’

*CONTROL THERMAL TIMESTEP

0,1.00,0.5,0.,0.,0.,0.
$

*NODE
1 0.3 0.0032 0.05
2 0.3 0.0032 0.0424224
3 0.3 0.0032 0.0355783
*
*
*
*
*
k
*
QC

*MAT THERMAL ISOTROPIC TD
1,2700,0,0.
-17.8,37.8,148.9,204.4,260,371.1,426.7,580
904,945,1004,1028,1052,1104,1133,1230

162,162,184,192,201,217,223,253
$

*BOUNDARY_SPC_SET
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7 0 1 1 1 1 1
*SET NODE_LIST GENERATE
7
20000,46354
*BOUNDARY SPC SET

8 0 1 1 1 1 1
*SET NODE LIST GENERATE
8

65000,91354
$

*SET PART LIST

1

1,2

*BOUNDARY THERMAL WELD
$

$

*DEFINE_CURVE

10,0
11,2500
15,2500
25,2500
146,2500

$300,1050
$

*BOUNDARY PRESCRIBED MOTION RIGID
3,1,0,1,1

*DEFINE_CURVE

1,0,0.,0.,0.,0.,0

0.,0.0015

146,0.0015

$120,0.0015
$

*INITIAL TEMPERATURE SET
0,22
*END

LS-DYNA Keyword for Lap Weld

*KEYWORD
*TITLE
Case:Lap weld:A12024-T3,140mmpm
*CONTROL_BULK_VISCOSITY
1.5 0.06
*CONTROL_CONTACT
0.1 0 2 0 1 1 1
0 0 10 0 4
*CONTROL COUPLING
1 1 1 0
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*CONTROL_CPU

0
*CONTROL _DYNAMIC RELAXATION
250 0.001 0.995 1e+30 0.9 0.04

*CONTROL ENERGY
1 2 1 1
*CONTROL_HOURGLASS

1 0.1
*CONTROL_OUTPUT
0 3 0 0 0 0

*CONTROL_SHELL
20 2 -1 0 2 2 1
*CONTROL_TERMINATION

95 0 0 0 0

*CONTROL _TIMESTEP

05 09 0 0 0 0 0 0
*DAMPING_GLOBAL

0 0
*DATABASE BINARY D3PLOT
0.5
$*DATABASE TPRINT
$2
$
*CONTROL _IMPLICIT GENERAL
1,0.5,
*CONTROL_SOLUTION
2
*CONTROL THERMAL SOLVER
$1,0,1,0.,0
1 ’073 ”87

*CONTROL THERMAL TIMESTEP
0,1.00,0.5,0.,0.,0.,0.

N

*NODE
1 0.3 0.0032 0.05
2 0.3 0.0032 0.0424224
3 0.3 0.0032 0.0355783
%
*
*
*
qQ

*MAT THERMAL ISOTROPIC TD
1,2780,0,0.
20,100,200,300,400,500,545
850,900,950,970,1000,1080,1100
176,185,193,193,190,189,189

qQ

*SET_PART LIST

1

1,2
*BOUNDARY_THERMAL_WELD
$

*DEFINE_CURVE

2

0,0
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10,0
11,980
25,980
95,980
$

*BOUNDARY PRESCRIBED MOTION RIGID
3,1,0,1,1

*DEFINE_CURVE

1,0,0.,0.,0.,0.,0

0.,0.00233

95,0.00233
$

*CONTACT_AUTOMATIC SURFACE TO _SURFACE THERMAL
7 3 0 0 0 0

1,1
,,2€6,0.001,0.001,

Q

*CONTACT _AUTOMATIC SURFACE TO SURFACE THERMAL
8 4 0 0 0 0

1,1
,,2€5,0.001,0.001,

N

*CONTACT AUTOMATIC SURFACE TO SURFACE THERMAL
9 5 0 0 0 0

1,1

,,24,0.001,0.001,

Q

*INITIAL TEMPERATURE SET
0,25
*END
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