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of Tube-Tubesheet Joints
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In the present work, a novel tube-tubesheet seal welding method using friction
stir welding (FSW) and experimental setup was developed. The development involved
a number of design and manufacturing aspects such as, tool and fixture design, and
FSW process parameters. The influence of tool welding speed and plunging control
method on tool reaction loads as well as weld quality was experimentally investigated
on Al 6xxx. It was found that better weld quality could be achieved at lower welding
speeds by force control condition. Higher welding speeds required increasing the
plunging force limit.
The friction stir seal welding process was modeled using three finite element
modeling (FEM) techniques (3-D Thermo-mechanical non-flow based, Arbitrary
Lagrangian Eulerian (ALE) formulation, and Coupled Eulerian Lagrangian (CEL)
Analysis) using Abaqus. The first model was developed to predict temperature
distribution and residual stresses developed in tube-tubesheet. The model considered
the FSW tool as a moving heat and pressure source ignoring the metal flow, while
XXIV

taking into account the temperature dependency of thermal and mechanical properties.
The computed temperatures were validated by experimental measurements using
thermocouples. The maximum predicted temperature was found to be lower than the
annealing temperature. The residual stresses distribution results indicated that the
expanded joint strength would be enhanced by FSW. The contact stress was found to
improve by about 50%.
Material flow and void formation were predicted using two localized models,
which were developed based ALE formulation and CEL analysis. In both models, the
tool was considered as an isothermal rigid body. The tool and workpiece interaction
was modeled using Coulomb’s frictional law and the material was modeled using
Johnson-Cook’s approach considering temperature and strain rate dependency and
90% inelastic heat generation. The influence of tool rotational speed was investigated
during plunging. It was found that the lower the rotational speed, the wider the
plasticized zone would be. The welding phase results showed that the maximum
temperature was around 330 °C.
In the CEL model, the effect of coefficient of friction was investigated and
results showed that the higher the coefficient of friction the smaller the defect size
would be. Moreover, the influences of tool welding speed and plunging method were
investigated, revealing similar results to those obtained experimentally.
DOCTOR OF PHILOSOPHY IN MECHANICAL ENGINEERING
KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS
DHAHRAN, SAUDI ARABIA
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ﻣﻠﺨﺺ ﺑﺤﺚ
درﺟﺔ اﻟﺪآﺘﻮراة ﻓﻲ اﻟﻔﻠﺴﻔﺔ
اﻻﺳﻢ :

ﻓﺎدي ﻋﺒﺪاﻟﻜﺮﻳﻢ ﻋﺒﺪاﻟﻤﻬﺪي اﻟﺒﺪور

اﻟﻌﻨﻮان:

اﻟﺘﺤﻘﻴﻘﺎت اﻟﻌﺪدﻳﺔ و اﻟﺘﺠﺮﻳﺒﻴﺔ ﻟﻠﺤﺎم اﻟﺘﺤﺮﻳﻜﻲ اﻻﺣﺘﻜﺎآﻲ ﻟﻮﺻﻼت ااﻻﻧﺒﻮب ﺑﺼﻔﻴﺤﺔ
اﻻﻧﺒﻮب

اﻟﺘﺨﺼﺺ  :اﻟﻬﻨﺪﺳﺔ اﻟﻤﻴﻜﺎﻧﻴﻜﻴﺔ
ﺗﺎرﻳﺦ اﻟﺘﺨﺮج  :ﻣﺎﻳﻮ2012

ﻓﻲ هﺬا اﻟﻌﻤﻞ ،ﺗﻢ ﺗﻄﻮﻳﺮ و دراﺳﺖ و ﻋﻤﻞ اﻻﻋﺪادات اﻟﺘﺠﺮﻳﺒﻴﺔ ﻟﻄﺮﻳﻘﺔ ﻓﺮﻳﺪﻩ ﻟﻠﺤﺎم اﻻﻧﺒﻮب ﻣﻊ ﺻﻔﻴﺤﺔ اﻻﻧﺒﻮب
ﺑﺈﺳﺘﺨﺪام اﻟﺤﺎم اﻟﺘﺤﺮﻳﻜﻲ اﻻﺣﺘﻜﺎآﻲ ) (FSWﺗﻀﻤﻦ اﻟﻌﻤﻞ ﺗﺼﻤﻴﻢ وﺗﺼﻨﻴﻊ اﻟﺘﺠﻬﻴﺰات اﻟﻌﻤﻠﻴﻪ ﻣﺜﻞ :أداة اﻟﻠﺤﺎم و
اﻟﺘﺜﺒﻴﺖ ،وﻣﻌﺎﻣﻼت ﻋﻤﻠﻴﺔ اﻟﻠﺤﺎم.
ﺗﻢ ﺗﺠﺮﻳﺒﻴﺎ ،دراﺳﺔ آﻞ ﻣﻦ ﺗﺄﺛﻴﺮ ﺳﺮﻋﺔ ﻟﺤﺎم اﻷداة ،وﻃﺮﻳﻘﺔ اﻟﺘﺤﻜﻢ ﺑﺎﻻﻏﺮاق ،ﻋﻠﻰ آﻞ ﻣﻦ اﻷﺣﻤﺎل ،وﺟﻮدة اﻟﺤﺎم
ﻲ ﻣﻦ ﻓﺌﺔ .6000وﻟﻘﺪ ﺗﺒﻴﻦ ان ﻣﻦ اﻟﻤﻤﻜﻦ ﺗﺤﻘﻴﻖ أﻓﻀﻞ ﺟﻮدة ﻟﺤﺎم ﺑﺈﺳﺘﺨﺪام ﺳﺮﻋﺎت
ﻟﺨﻠﻴﻂ اﻷﻟﻤﻨﻴﻮم اﻟﻤﻌﺪﻧ ّ
ﻣﻨﺨﻔﻀﺔ ﻣﻊ اﻟﺘﺤﻜﻢ ﺑﺈﻏﺮاق اﻻداة ﺑﺎﻟﻘﻮة .وﻟﺰﻳﺎدة ﺳﺮﻋﺔ اﻟﻠﺤﺎم ﻳﺘﻮﺟﺐ زﻳﺎدة ﻗﻮى اﻻﻏﺮاق.
وﻓﻲ هﺬا اﻟﻌﻤﻞ اﻳﻀﺎ ،ﺗﻢ ﻧﻤﺬﺟﺔ ﻋﻤﻠﻴﺔ اﻟﻠﺤﻢ ) (FSWﺑﺎﺳﺘﺨﺪام ﺛﻼﺛﺔ ﺗﻘﻨﻴﺎت ﻣﺒﻨﻴﻪ ﻋﻠﻰ اﻟﻨﻤﺬﺟﻪ ﺑﺈﺳﺘﺨﺪام اﻟﻌﻨﺎﺻﺮ
اﻟﻤﺤﺪودة )اﻟﻨﻤﺬﺟﺔ اﻟﺤﺮارﻳﺔ اﻟﻤﻴﻜﺎﻧﻴﻜﻴﻪ –ﻏﻴﺮ اﻟﻤﺴﺘﻨﺪﻩ ﻋﻠﻰ اﻟﺘﺪﻓﻖ ،-اﻟﺼﻴﺎﻏﺔ اﻟﺘﻌﺴﻔﻴﺔ اﻟﻠﺠﺮاﻧﺠﻴﻪ أوﻳﻠﻴﺮﻳﻪ ،و
اﻟﺘﺤﻠﻴﻞ اﻟﻤﺮﺗﺒﻂ اﻻوﻳﻠﺮي اﻟﻠﺠﺮاﻧﺠﻲ( ﺑﺎﺳﺘﺨﺪام ﺑﺮﻧﺎﻣﺞ اﺑﺎآﻮس ).(Abaqus
ان اﻟﻨﻤﻮذج اﻟﺤﺮارﻳﺔ اﻟﻤﻴﻜﺎﻧﻴﻜﻴﻪ –ﻏﻴﺮ اﻟﻤﺴﺘﻨﺪﻩ ﻋﻠﻰ اﻟﺘﺪﻓﻖ -ﺛﻼﺛﻲ اﻻﺑﻌﺎد ﺗﻢ ﺗﻄﻮﻳﺮة ﻟﺘﺨﻤﻴﻦ ﺗﻮزﻳﻊ درﺟﺎت
اﻟﺤﺮارة و اﻻﺟﻬﺎدات اﻟﻤﺘﺒﻘﻴﻪ ﻓﻲ ﻧﻤﻮذج اﻟﺤﺠﻢ اﻟﻄﺒﻴﻌﻲ ﻻﻧﺒﻮب – ﺻﻔﻴﺤﺔ اﻻﻧﺒﻮب .اﺧﺬا ﺑﻌﻴﻦ اﻻﻋﺘﺒﺎر ﺗﺎﺛﻴﺮ آﻞ
ﻣﻦ اﻟﺤﺮارﻩ اﻟﻨﺎﺗﺠﻪ ﻣﻦ اﻻﺣﺘﻜﺎك واﻟﻀﻐﻂ اﻟﻤﺘﻮﻟﺪ ﻣﻦ اﻻداة ،و ﺗﺎﺛﻴﺮ اﻟﺤﺮارة ﻋﻠﻰ اﻟﺨﻮاص اﻟﺤﺮارﻳﻪ و
اﻟﻤﻴﻜﺎﻧﻴﻜﻴﻪ ﻟﻠﻤﻌﺪن ،ﻣﺘﺠﺎهﻼ ﺗﺪﻓﻖ اﻟﻤﻌﺪن ﺣﻮل ادات اﻟﻠﺤﺎم .ﺗﻢ اﻟﺘﺤﻘﻖ ﻣﻦ ﺻﺤﺔ ﻧﺘﺎﺋﺞ درﺟﺎت اﻟﺤﺮارة ﻋﻦ
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ﻃﺮﻳﻖ ﻣﻘﺎرﻧﺘﻬﺎ ﺑﻤﺜﻴﻼﺗﻬﺎ اﻟﻤﻘﺎﺳﺔ ﻋﻤﻠﻴﺎ ﺑﺎﺳﺘﺨﺪام اﻟﻤﺰدوﺟﺎت اﻟﺤﺮارﻳﻪ .اﻇﻬﺮت اﻟﻨﺘﺎﺋﺞ ان درﺟﺎت اﻟﺤﺮارﻩ
اﻟﻘﺼﻮى اﻟﻨﺎﺗﺠﻪ ﻣﻦ ﻋﻤﻠﻴﺔ اﻟﻠﺤﺎم ﻻﺗﺘﺠﺎوز درﺟﺔ ﺣﺮارة اﻟﺘﻠﺪﻳﻦ ﻟﻠﻤﻌﺪن ،آﻤﺎ ان اﻟﻮﺻﻠﻪ اﻟﻤﻴﻜﺎﻧﻴﻜﻴﺔ ﻣﻦ اﻟﻤﻤﻜﻦ ان
ﺗﺰداد ﻗﻮﻩ ﺑﻨﺴﺒﺔ ﺗﺼﻞ اﻟﻰ  %50ﺑﺴﺒﺐ اﻻﺟﻬﺎدات اﻟﻤﺘﺒﻘﻴﺔ ﻧﺘﻴﺠﺔ اﻟﻠﺤﺎم.
ﺗﻤﺖ دراﺳﺔ ﺗﺪﻓﻖ اﻟﻤﻌﺪن ﺣﻮل اداة اﻟﻠﺤﺎم ﺧﻼل ﻣﺮاﺣﻞ اﻟﻌﻤﻠﻴﺔ )اﻻﻏﺮاق و اﻟﻠﺤﺎم( ﺑﺴﺘﺨﺪام ﻧﻤﻮذﺟﻴﻦ ﻣﺤﺪودﻳﻦ،
ﺗﻤﺖ ﺻﻴﺎﻏﺘﻬﻤﺎ ﺑﺎﻟﺼﻴﺎﻏﺔ اﻟﺘﻌﺴﻔﻴﺔ اﻟﻠﺠﺮاﻧﺠﻴﻪ اﻷوﻳﻠﻴﺮﻳﻪ ،و اﻟﺘﺤﻠﻴﻞ اﻟﻤﺮﺗﺒﻂ اﻻوﻳﻠﺮي اﻟﻠﺠﺮاﻧﺠﻲ .ﻓﻲ آﻠﻰ
اﻟﻨﻤﻮذﺟﻴﻦ ﺗﻢ ﻣﻌﺎﻣﻠﺖ اﻻداة آﻬﻴﺎﺋﺔ ﺟﺎﻣﺪﻩ و ﻣﺘﺴﺎوﻳﺔ اﻟﺤﺮارة .و ﻣﻦ ﺧﻼل اﻟﻨﻤﻮذﺟﻴﻦ ﺗﻢ اﻟﺘﻨﺒﺆ ﺑﺴﺮﻋﺔ ﺗﺪﻓﻖ
اﻟﻤﻌﺪن ﺣﻮل اﻻداة و ﺗﻜﻮن اﻟﻔﺮاﻏﺎت )اﻟﺸﻮاﺋﺐ( داﺧﻞ وﺻﻠﺔ اﻟﻠﺤﺎم.
ﻣﻦ ﺧﻼل اﻟﻨﻤﻮذج اﻟﺘﻌﺴﻔﻲ اﻟﻠﺠﺮاﻧﺠﻲ اﻷوﻳﻠﻴﺮي ،ﺗﻢ دراﺳﺔ ﺗﺎﺛﻴﺮ ﺳﺮﻋﺔ دوران اﻻداةﺧﻼل ﻣﺮﺣﻠﺔ اﻻﻏﺮاق،
وﺗﺒﻴﻨﺎن ان اﺳﺘﺨﺪام ﺳﺮﻋﺔ دوران ﻣﻨﺨﻔﻀﻪ ﻳﺆدي اﻟﻰ اﺗﺴﺎع ﺣﺠﻢ ﻣﻨﻄﻘﺔ اﻟﻄﻴﻊ .ﺧﻼل ﻣﺮﺣﻠﺔ اﻟﻠﺤﺎم ﺗﻈﻬﺮ اﻟﻨﺘﺎﺋﺞ
ان اﻟﺤﺮارﻩ اﻟﻘﺼﻮى ﻻ ﺗﺘﺠﺎوز  330درﺟﺔ ﻣﺌﻮﻳﻪ.
وﻣﻦ ﺧﻼل اﻟﻨﻤﻮذج اﻟﻤﺮﺗﺒﻂ اﻻوﻳﻠﺮي اﻟﻠﺠﺮاﻧﺠﻲ ﺗﻢ دراﺳﺔ ﺗﺎﺛﻴﺮ ﻣﻌﺎﻣﻞ اﻻﺣﺘﻜﺎك  ،ﻋﻠﻰ ﺟﻮدة اﻟﻠﺤﺎم ﻋﻦ ﻃﺮﻳﻖ
ﺗﻨﺒﺆ ﺣﺠﻢ اﻟﺸﺎﺋﺒﻪ ﻓﻲ اﻟﻮﺻﻠﺔ .و ﻟﻘﺪ ﺗﺒﻴﻦ ان زﻳﺎدت ﻣﻌﺎﻣﻞ اﻻﺣﺘﻜﺎك ﻳﺆدي اﻟﻰ اﻟﺘﻘﻠﻴﻞ ﻣﻦ ﺣﺠﻢ اﻟﺸﺎﺋﺒﻪ اﻟﻤﺘﻜﻮﻧﻪ.
ﻋﻼوة ﻋﻠﻰ ذﻟﻚ ﺗﻢ اﻟﺘﺤﻘﻴﻖ ﻓﻲ ﺗﺎﺛﻴﺮ آﻞ ﻣﻦ  ،ﺳﺮﻋﺔ ﻟﺤﺎم اﻻداة ،و وﻃﺮﻳﻘﺔ اﻟﺘﺤﻜﻢ ﺑﺎﻻﻏﺮاق ،وآﺎﻧﺖ اﻟﻨﺘﺎﺋﺞ
ﻣﺸﺎﺑﻬﻪ ﻟﺘﻠﻚ اﻟﺘﻲ وﺟﺪة ﻋﻦ ﻃﺮﻳﻖ اﻟﺘﺠﺮﺑﻪ.

درﺟﺔ اﻟﺪآﺘﻮراة ﻓﻲ اﻟﻔﻠﺴﻔﺔ ﻓﻲ اﻟﻬﻨﺪﺳﺔ اﻟﻤﻴﻜﺎﻧﻴﻜﻴﺔ
ﺟﺎﻣﻌﺔ اﻟﻤﻠﻚ ﻓﻬﺪ ﻟﻠﺒﺘﺮول واﻟﻤﻌﺎدن
اﻟﻈﻬﺮان– اﻟﻤﻤﻠﻜﺔ اﻟﻌﺮﺑﻴﺔ اﻟﺴﻌﻮدﻳﺔ
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CHAPTER ONE

INTRODUCTION

1.1 Motivation

Tube-Tubesheet joints are widely used in a range of industrial heat transfer equipments,
such as, shell and tube heat exchangers, boilers…etc. In Some critical applications,
mixing of shell and tube fluids in tubular heat exchangers is fatal, as it may lead to a
hazardous pollution, or loss of production. Such catastrophic situations can be avoided by
ensuring tube-tubesheet joint tightness. The American Society of Mechanical Engineers
(ASME) Boiler and Pressure Code [1] and the Tubular Exchanger Manufacturers
Association (TEMA) [2] recommend performing a combination of rolling-or expansion of
tube in tubesheet and seal welding. Seal welding may also include joining of dissimilar
materials (dissimilar tube tubesheet metal). All available seal welding techniques for
tube-tubesheet are based on fusion methods, i.e. tungsten inert gas (TIG).

Fusion welding produces a number of defects, which may appear in all types of metals.
Examples of fusion welding defects are: cracking, porosity formation, high residual
1

2

stresses, hydrogen attack, mechanical and metallurgical changes. Such defects may also
tube distortion due to high thermal stresses, and may take out a newly fabricated heat
exchanger from service.

Using solid state welding technology for tube-tubesheet seal welding may eliminate a
large number of defects resulting from fusion welding, especially those that arise during
solidification process. The solid state friction stir welding (FSW) process has proved its
capability of performing high strength and defect free joints in different types of similar
and dissimilar metals when compared to fusion techniques [3-5].

An understanding of FSW process is of prime importance for designing and performing a
new application of friction stir tube-tubesheet seal welding with enhanced joint tightness.
Friction stir seal welding of tube-tubesheets is associated with serious challenges resulting
from the joint design including shape, size and welding path. The main challenge is
associated with the limited tool shoulder diameter due to the tube wall thickness and
ligament width. A small tool shoulder will result in low heat generation, and the FSW tool
may not bear the loads generated during the process. In most cases, the end result is a
defected joint. These challenges require a novel design of a special tool, as available tools
cannot be used.

Motivated by the large number of design, manufacturing and processing challenges that
arise from the joint design, tool design (size, profile, and material selection), processing
parameters (axial load, tool rotational and contouring speeds), and modeling of friction
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stir welding process, the friction stir seal welding of tube-tubesheet joint has been
experimentally and numerically investigated in this research work.

1.2 General Background

1.2.1 Tube-tubesheet joining process

The tube-to-tubesheet joint is a critical element of shell-tube heat exchangers. It separates
two fluids and thus its strength has a direct effect on the safety of the process and the
plant. This joint is made by either expansion, welding or a combination of both.

Tube expansion in tubesheet is the most common joint performing techniques used in the
industry. Some of these techniques use mechanical forces, and others use hydraulic or
pneumatic forces. Expanding methods include are: a) roller expanding which is the most
common technique, b) explosive expanding, c) rubber expanding, and d) hydraulic
expanding. Each method has its own advantages and limitations. To increase the joint
tightness, a combination of tube expanding and seal welding are recommended [1, 2].
Fusion welding is the only available method to perform tube-to-tubesheet seal or strength
welding.

Before performing fusion welding, the following questions must be answered: (a) can the
metal (tube-tubesheet metal) be successfully fusion welded? (b) are thermal expansion
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coefficients for filler, tube and tubesheet materials similar? If not, high thermal stresses
will develop, and (c) is it possible to perform pre- or post- weld heat treatment?

There are many reasons behind tube-tubesheet weld failure: e.g. corrosion in the heat
affected zone (sensitization of stainless steels), localized thermal stresses, improper pre
and post heat treatment, and finally hidden flaws such as cracks, gas pockets and
impurities.

Another question that arises is which process should come first, expanding or welding?
Currently available standards do not cover this issue and usually it is left to the
manufacturer to decide. Each process combination has advantages and limitations. In the
pre-weld expanding, the weld root gap is reduced, but during post- or pre- weld heat
treatment the expanded joint may relax. On the other hand, post weld expanding
eliminates the potential of crevice corrosion, but during the expansion the welded joint
may crack [6].

1.2.2 Friction stir welding

The Welding Institute (TWI) in the United Kingdom put a great effort in developing new
techniques to overcome fusion welding problems associated with aluminum alloys. TWI
came up with a novel approach developed from friction welding technology, named
friction stir welding (FSW). This process is defined as a solid state joining process, using
non-consumable rotating shouldered tool with a profiled probe (pin).
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This novel approach was developed by Wayne Thomas in December 1991, and patented
by TWI in 1994 [7]. A year later, TWI published their second patent in FSW by Midling
et al. [8]. Since then, it has received a world-wide attention and today many companies
around the world are using the technology in their production. These include the Eclipse
(jet plane manufacturer), NASA, and Mazda and Ford from the automotive industry and
Aluminum car rims manufacturers [9].

The joint in FSW is produced by stirring and plastically deforming (extrusion and
forging) the metal between the joined workpieces which must be rigidly clamped to FSW
machine.

The process starts with plunging the FSW tool pin into the plates, which are butted
together and rigidly clamped onto a backing bar in a manner that prevents the abutting
joint faces from being forced apart and avoid any relative movements (Figure 1.1 a and
b). During this stage, an appropriate axial load is applied on the tool pin and tool
shoulder. After the pin has fully penetrated and the tool shoulder is in full contact with the
workpiece surface, a proper axial load is applied to forge the metal under the tool
shoulder, otherwise material under the tool will escape leading to either a defected joint or
joint will not be produced. The tool is then kept rotating at the starting point for a few
seconds, in order to allow more time for heat generation and sufficient temperature rise to
start welding, this time is called the dwell time (Figure 1.1 c). After the dwell process, the
tool travels along the welding line (Figure 1.1 d). During welding a transverse load is
developed on the tool pin. The tool shoulder should always remain in contact with the
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processed surface during welding with a proper forging load to avoid formation of defects
or voids. As a result of the coupled motions (tool rotation and translation) the material is
plastically deformed and the joint is formed. This coupled motion of tool rotation and
translation results at the advancing side being subjected to higher strain rates compared to
the retreating side of the workpiece. Figure 1.2 a, presents a schematic diagram of FSW
process and illustrates the process terminologies. Once the welding process is finished,
the tool is retracted from a non critical location leaving behind a mark called exit hole
that may affect the structure strength (Figure 1.2 b). Uematsu et al. [10] investigated the
effect of refilling the exit hole of friction stir spot welded lap joint using a double action
shoulder with a retractable tool pin (designed by NASA) on the strength and fatigue life
of the structure. The authors [10] found that the tensile strength of re-filled joint was
higher while fatigue properties remain unchanged.

From the above description of the process, it can be inferred that the tool serves two
primary functions;
•

Providing necessary heat to soften the material around the tool pin. This heat is
mainly generated by friction between the shoulder and the workpiece.

•

Using the combination of linear and rotational motion of the tool pin to mix and
move the material around the tool producing the joint by plastically deforming the
metal.

From the process description, FSW has several of controlling parameters these
includes: the size and the profile in the design of the tool and process variables (i.e.
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prooduced exit hoole[12].
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1.2.3 FSW process modeling

Since the development of FSW process, researchers were seeking the development of
analytical and numerical models that can simulate the FSW process. Correct modeling of
the process can help in tool design and predict the likely optimum process parameters, for
new joint design and materials. Moreover, modeling the FSW can help to predict
conditions for which flaw or defects may generate. The FSW problem can be identified as
a multi-physical problem; it includes excessive material deformation and heat flow.

Modeling FSW process may be classified into four aspects: thermal, thermo-mechanical,
material flow, and microstructure evaluation. Models can predict the material state, the
developed residual stresses, and the forces on the FSW tool for tool design enhancement.

1.3 Research Work Description

1.3.1 Approach used

FSW is a multi-physical process which brings a highly challenging modeling problem.
Since the development of the FSW, many researchers used the FE methods in modeling
the FSW process, as it facilitates the coupled field solvers, that makes the analysis easier
compared to analytical methods. However, FE modeling has its limitations; it gives
approximate solutions, and for highly non-linear problems such as FSW, the solution
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needs long computational time. Experimental work is very important to calibrate and
validate FE models.

In the current work, three dimensional (3D) nonlinear finite element model (FEM) of
friction stir welding process is developed. The objectives of the FEM are: (a) to study the
effect of FSW process as applied in tube-tubesheet seal welding application, and (b) to
simulate the effect of process parameters on the performed joint by evaluating defect and
void formation, and developed residual stresses, through which likely optimum process
parameters could be predicted. For each objective, different modeling techniques are
used. The modeling techniques are: (a) non-flow based coupled thermo-mechanical model
to simulate the effect of FSW as applied to tube-tubesheet seal welding, (b) flow based
thermo-mechanical model using localized arbitrary Lagrangian Eulerian (ALE), and (c) a
flow based adiabatic localized coupled Eulerian Lagrangian (CEL).

Localized modeling techniques are general FSW models used to simulate the FSW
tool/workpiece interaction, and the effect of process parameters on material state,
temperature developed, tool reaction forces and torque. Furthermore, CEL model will
estimate volumetric defect formation during FSW. Localized models consider the FSW
tool as an isothermal rigid body, and take into account the rate and the temperature
dependent material properties. The FE models are validated using experimental recorded
data.
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1.3.2 Research objectives and specific tasks

The main objective of this study is to develop FEM models using the commercial
software Abaqus [13], to simulate the FSW process as applied to tube-tubesheet seal
welding, and estimate temperature distribution, stresses developed during the process in
the tube-tubesheet workpiece, and to simulate FSW tool/workpiece interaction for general
FSW process by estimating dependent process parameters and voids defect formation.
The prediction may help in optimizing FSW process parameters. The new tube-tubesheet
seal welding process will also be investigated experimentally, and the results will be used
for validating numerical models.

To achieve the above objectives, the following specific tasks are identified:
•

Develop a thermo-mechanical model to simulate FSW as applied for tubetubesheet seal welding.

•

Use the ALE remeshing technique available in Abaqus to develop a localized
model to simulate FSW process and tool/workpiece interaction.

•

Develop localized CEL model for simulating tool/workpiece interaction and to
estimate void formation.

•

Design a special tool to perform FSW of tube-tubesheet seal joint.

•

Design an experimental setup to measure welding loads, torque and temperatures
for a range of operation parameters and conditions.

•

Perform seal welding of tube- tubesheet joint using designed experimental setup
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•

Evaluate produced tube-tubesheet seal weld in terms of void formation and
microhardness.

•

Validate FE model using experimental results.

1.4 Organization

This thesis includes seven chapters organized as follows: chapter one is an introduction to
the research work and its objectives. The literature review which covers the state of the
art on the experimental and finite element modeling of friction stir welding processes is
presented in chapter two. Chapter three deals with tool and experimental designs for tubetubesheet friction stir seal welding; it also includes the results and discussion of the
experimental work. On the finite element modeling level, each modeling technique is
going to be discussed in three chapters and in the following order; chapter four discusses
a non-flow based thermo-mechanical FEM for tube-tubesheet welding, chapter five
includes two FEM developed based on arbitrary Lagarangian Eulerian (ALE) technique in
modeling FSW tool plunging dwell phase, and a steady state welding phase. Lastly, on
the FEM level, chapter six discusses the coupled Eulerian Lagrangian (CEL) analysis and
its implementation in FSW process. Chapter seven includes research conclusions and
recommendations for future work.

CHAPTER TWO

LITERATURE REVIEW

2.1 Tube-Tubesheet Seal Weld Failures

Fusion welding produces a number of serious problems, such as high residual stresses,
impurities, voids and gas pockets, which increase the risk of corrosion and weld failure.
Available techniques used for tube-tubesheet seal or strength welding, require performing
pre- and post weld heat treatments; failure to perform the heat treatment correctly may
lead to joint failureas reported byOtegui and Fazzini[14]. Another failure of dissimilar
materials tube-tubesheet joint is the formation of martensite thin film during welding at
the fusion zonedue to high temperature hydrogen attack [15]. Guo et al. [16],reported that
a heat exchanger in a petrochemical plantleaked after only 15 days of operation, due
tointergranular stress corrosion cracking (ISCC), resulting from excessive heating during
welding.
From published case studies on tube-tubesheet weld failures, and limitations of tubetubesheet fusion welding discussed in [14-16], it is always noticed that the excessive heat,
12
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solidification of weld pool, pre- or post- weld heat treatment and the chemical interaction
between the tube-tubesheet and the filler material could be the causes of weld failures.
This brought about the need of developing a solid state welding method in order to
eliminate most of the fusion welding drawbacks.

2.2 Applications and Advantages of FSWover Fusion Welding

The high demand on high strength-to-weight ratio Aluminum (Al) alloys, especially in
transportation and aerospace industries, increased the need of producing sound welds with
enhanced mechanical performance in Al structures.
Conventional (fusion) welding like Gas, Arc, Metal Inert Gas (MIG), usually affects
mechanical properties of some alloys. Italso changes the alloying concentration at the
fusion zoneand thematerial close to the welding pool (diffusion process). Many alloys or
metals are categorized as unweldable or difficult to weld, such as 2 and 7-series Al alloys
that are heavily used in transportation industry (i.e. Al 2xxx used for airplane frame
structure and Al 7xxx for the fuselage). Difficulty is due toone or more of the following
well known causes:poor solidified microstructure,solidification shrinkage which is almost
twice that of ferrous alloys, relatively wide solidification temperature ranges, presence of
tenacious oxides, high thermal conductivity, high coefficient of thermal expansion, high
solubility of hydrogen when Al is in the molten state, and porosity formation. Gas
porosity is pertinent to all alloys, but heat treatable Al-alloys such as the 2xxx, 6xxx, and
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7xxx series, are more crack sensitive, and thus more difficult to fusion weld [17]. Also,
metals that strengthen from heat treatment or thermo-mechanical processes or from
chemical precipitates may have low strength joint compared to the parent metal. All these
defects present a source of weakness to the structure strength and integrity.
Today, applications of FSW are not limited to aluminum alloys, they include other types
of soft and hard metals such as nickel, copper alloys as well as steel. One of the most
important advantages of FSW is the ability of welding dissimilar materials [1823].Watanabe et al. [18] used FSW to butt weld Aluminum with mild steel, Gan et al. [19]
welded Al 6xxx to Al 5xxx Aluminum alloy using FSW, and Chen and Nakata [20] were
able to join Al-Si alloy and pure titanium. Uzun[21] friction stir welded Al reinforced
with SiC matrix with relatively homogeneous distributions of the fine and coarse
reinforcement particles. Moreover, Cavaliere et al. [22] and Dubourg et al. [23], studied
the mechanical properties of lap friction stir welds (7xxx with 2xxx) aluminum alloys for
aircraft applications. The achievement of such process opened the door for rivet
replacement in airplanes, which resulted in large reduction in cost and structure weight, as
well as eliminating corrosion problems resulting from riveting such as crevis
corrosion.More information about dissimilar metals FSW can be found in the general
review made by Murr[3].
FSW is being used on a wide scale in industry, such as; ship building, airplanes, trains,
and automotive industry. Commercially FSW has been used by Eclipse aviation, Ford and
Mazda motors [9], as mentioned in chapter one. Moreover, it was developed for steel pipe
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welding [24], and defect free long life seal welds of copper barrels produced for nuclear
waste applicationsas found in reference [25]. On research bases, FSW was found to be an
alternative to brazing and for fabricating microwave waveguide structures[26]. Moreover,
FSW can compete with the established processes for joining plastic parts with higher
welding speed [27].
All advancements in FSW are results of intensive research on modeling, tool design, and
optimization of FSW process parameters.Two processes were developed based on the
FSW. Mishra et al. [28] developed the Friction Stir Processing (FSP), through modifying
FSW technology. FSP is a new solid state processing technique that can locally eliminate
casting defects and refine microstructures, thereby improving strength and ductility,
increasing fatigue resistance, enhancing formability, corrosion resistance, and other
properties, without influencing the properties of the bulk material. Another process is
Friction Stir Spot Welding (FSSW), which generates a huge interest for the automobile
industry to replace resistant spot welding,as FSSW is more efficient in terms of energy
consumption and process cost [9].
FSW is also environmentally friendly, as it consumes less energy compared to fusion and
laser technology. A large number of comparative studies between FSW and conventional
methods can be found in the literature [4,5, and 29]. These studies investigated the
mechanical and microstructural properties of friction stir welds and compared them to
joints produced by MIG and TIG welding thatare usually used for welding Al alloys. All
studies indicate that friction stir welds have higher strength and fatigue life compared to

16

those joints produced by conventional welding.Also cold work microstructureswere found
to be preserved after FSW. Figures 2.1 and 2.2 present a comparison between
conventional welding and FSWin terms of tensile strength [5] and fatigue life [29],
respectively.

Figure2.1: Comparison of MIG and FSW tensile properties[5].

Figure 2.2: Comparison of fatigue life for FSW, TIG, and MIG welding for AL 6082-T6 [29].

17

2.3 FSW Tool Design and Process Parameters

2.3.1

Effect of tool profile on mechanical properties

FSW tool consists of two main parts, the tool shoulder and the tool pin. Different tool
designs have been developed by researchers [30-33] and registered in US patents. Tables
2.1 and 2.2 summarize the advantages and limitations of some available tool designs [34].

Table 2.1: Shoulder profile advantages and limitations on welding process[34].
Tool shoulder
Concave

Advantages

Limitation
Tilting of spindle

Quality welds
Linear weld only
Easy machining
undercut
Convex
Large flexibility in contact
(increases the ease of welding
different thickness work piece)

Push material out side

Featured shoulders (applied to
concave, convex, flat)

Eliminate tilt, undercut (concave)

More positional care required.

Scroll

Reduce tool lift

Inability of handling thickness
variation.

Increase welding speed
Lower axial force

Not able to weld around
Curvatures

18
Table
T
2.2: Pin profile advan
ntages and lim
mitations on weelding processs[34].

Too
ol pin
C
Cylindrical
threeaded with rounnd
botttom

Advantagges

lim
imitation

Threadss push metal unnder the pin.
Round bottom
b
reducess wear.
Increasees quality of weld
w
underneeath the pin

Low surface velocity under the
pin

Cylindrical thrreaded with flaat
botttom
High surface
s
velocitty under the
pin

Low qualityy weld under thhe pin

Truncated
d cone pins
Stepped spiral pin

Low traansverse load
None
High Teemperature

Machined flats on pin
Reducee transverse loaad and torque

None

Who
orl pin
Reduce transverse loaad.
Increasees the welding speed.

None

High sw
wept ratio.

Pin witth flutes
Reduce transverse andd axial load.
None
Increasees the welding speed.
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The tool shoulder is responsible for producing frictional heating and applies forging load
necessary for joint consolidation.Thus, the shoulder design is a controlling factor in joint
quality. Shoulder design mainly depends on the joint design itself (i.e. linear or nonlinear
welds and thickness of welded parts). For nonlinear welding, researchers used convex
shouldered tool, as convex profile makes the tool maneuvering easy around curvature.
Feng et al. [24] was able to use FSW for API X65 steel pipe welding using a convex
scrolled shoulder. Featured shoulder can help in metal stirring, and increase the frictional
and inelastic heat generation and the plasticized volume. This reduces the axial and
transverse loads on the FSW tool and enhances joint mechanical performance. Tool size
also affects other dependent process parameters, such as process temperature, torque, and
axial force. Experimental and numerical studies indicate that increasing the tool shoulder
diameter increases the workpiece temperature as a result of increasing the frictional
contact area and heat generation. Buffa et al. [35] and Zhang et al. [36] investigated the
effect of varying pin size and shape as well as shoulder size using finite element methods
(FEM), and found that temperature rise affects torque and tool axial force. Arora et al.
[37] used a heat and metal flow numerical model and proposed a model to optimize the
tool shoulder size based on the principle of maximum utilization of supplied torque for
traction.
On the other hand, tool pin profile plays a vital role in metal flow, welding forces, and
damage or defect formation as reported by Hattingh et al. [38], Buffa et al. [39], and He et
al. [40]. Hattingh et al. [41] investigated the effect of tool pin design on dependent process
parameters and joint strength, and found that certain profiled pins have lower transverse
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load compared to others and produce high strength joints. The FSW was done using an
instrumented tool, capable of measuring forces and torque through strain gages, and tool
temperature based on thermocouples. The study included 6 different design parameters; 1)
number of flutes, 2) flute depth, 3) flute angle, 4) pin taper angle, 5) pin diameter, and 6)
pin thread pitch. The study was applied on 5083-H321 Aluminum alloy.The results in
Table 2.3 indicate that the most successful tool designs are likely to incorporate three
tapered flutes.
Metal flow is controlled by the tool pin profile, and is mainly affected by the velocity
field developed around the tool pin. Tapered pin produces a velocity in the axial direction,
which enhances the flow of metal and reduces the formation of root defects. He et al. [40]
developed a model showing that threaded pin increase the growth rate of voids. Features
on pins such as flats are responsible for increasing the strain rate and creating more
variation in the velocity field which leads to a higher process temperature and more
softened material to be processed [41].

Table 2.3: Effect of tool pin profile on dependent process parameters [38].

Tooldesign

Temp.
range (◦C)

Torque N.m

No. Of flutes (1-4)
Flute depth(3.5 – 6.5 mm)
Flute angle(10° - 40°)
Pin tip diameter (8 – 5 mm)
Pin diameter(12 -6 mm)
Thread pitch (16 -28 tp)

506 – 576
551 – 601
566 – 583
497 – 552
526 – 572
553 – 575

58.1 – 64.3
55.8 – 65.0
42.2 – 63.2
46.0 – 53.8
45.7 – 67.2
46.7 – 59.8

Max.
transverse
load kN
2.7 – 5.4
3.0 – 4.6
3.3 – 3.8
2.8 – 3.5
3.5 – 5.1
3.8 – 5.0

Tensile
strength
MPa
184 – 290
141 – 256
160 – 337
209 – 331
100 – 207
110 – 174
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2.3.2 Effect of process parameters on mechanical and microstructural
properties
Process parameters are classified into independent and dependent parameters. Controlled
parameters are the independent ones. Simple FSW setups include two major independent
parameters: tool rotational speed, and tool transverse speed or welding speed, while the
dependent parameters will be: axial load (forging), torque, and temperature. For more
sophisticated equipment, axial load is controlled and becomes an independent parameter.
This is usually the practice in FSW using robotics arm. Longhurst et al. [42] proposed the
use of torque control instead of force control as it shows more sensitivity to plunging
depth. A conceptual model for the process variables was developed by Colligana and
Mishra [43]; this is summarized inFigure 2.3 and presents qualitatively the effect of the
process parameters.
Several researchers studied the effect of process parameters on joint mechanical
properties such as ultimate tensile strength (UTS) (Figure 2.4), micro hardness, fracture
toughness and fatigue crack growth rate and compared them to base metal (BM)
properties [44, 45]. Moreover, researchers investigated the effect of process parameters on
developed residual stresses [46]. Most of the reported experimental work use joint
mechanical properties to optimize FSW parameters for a certain welded joint [47, 48].
Moreover, optimizing process parameters for FSW was implemented and developed by
Cederqvist and O’berg [25] based on defect detection using non-destructive testing
methods (ultrasonic and radiography).
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Figure2.3:Relationships between variables with physical effects [43].

Figure 2.4: Tensile properties of the studied joints revealing the variation of the welds strength by
varying the welding speed[45].
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Investigations on the effect of process parameters [39, 45, 47, 49-52] include other
dependent process variables such as axial force, torque, transverse and longitudinal forces,
and temperature distribution. It is observed that as the welding speed increases, all loads
increase and maximum temperature decreases, and vice versa for hot FSW which occurs
when tool rotational speed increases, as a result of material softening at elevated
temperature. It is not clear how each parameter (tool rotational speed and welding speed)
does affect the joint mechanical performance as high rotational speed reduces the joint
strength at certain welding speeds and does the opposite at other welding speeds, which
also applies to fatigue life.Moreover, process parameters effect is sensitive to material
properties.Gharachehet al. [53]studied the effect of the rotational/traverse speed (N/V) on
mechanical properties and width of the welding zone of AZ31 magnesium alloy. Their
results indicated that increasing the ratio of N/V increases the weld nugget width and full
penetration joint will be acquired (no root defect). On the other hand the yield strength in
the welded zone is reduced compared to that of base metal as a result of defect like
magnesium oxide layer in the boundary of the stir zone and the thermo-mechanical
affected zone.
FSW has great impact on both the joint mechanical and microstructural properties, giving
the FSW the advantage over conventional welding methods. On the microstructural level,
FSWgenerates three distinct micro structural zones,namely: nugget (sometimes called
dynamic re-crystallized zone DXZ), thermo mechanically affected zone (TMAZ) and the
heat-affected zone (HAZ).
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The nugget region which the tool pin passes through experiences large mechanical
deformation and high temperatures. Generally,the grains in DXZ are fine and equiaxed
leading to higher ultimate strength and ductility. Adjacent to DXZ comes the TMAZ,
where the metal is plastically deformed and affected by heat that is not sufficient to cause
re-crystallization. This region is the weakest zone with the lowest strength among other
FSW zones [54]. The last region is HAZ that experiences only heating, with no
mechanical deformation. Microstructural propertiesshow different sensitivity to process
parameters. For example, the grain size at the nugget zone was found to be affected by the
welding speed more than other process parameters, as by increasing the welding speed,
the nugget microstructure will appear more fine and uniform [45]. Figure 2.5 shows the
different micro structures produced in the welding zone of FSW 6061-T6 Al alloy [55],
while Figure 2.6 presents results of grain size at the nugget as a function of welding
speed[45].

Figure 2.5: (a) Macrostructure of the friction-stir welded 6061-T6 Al alloy. White bars indicate the Xray measurement locations. (b) Microstructure of the nugget zone(DXZ), thermo-mechanically
affected zone (TMAZ), heat-affected zone (HAZ), and initial base material (BM) [55].
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Figure 2.6: Measured mean grain size as a function of welding speed[45].

2.3.3 Defect formation during FSW
Several characteristic defects occur within the FSW and are identified as either flow or
geometric related. The geometric defects result from lack of penetration/ fusion or occur
due to improper pin tool penetration (i.e. root defect). The flow-related defects occur
outside the acceptable processing window with parameters that are considered either too
hot or too cold. Hot FSW develops sticky contact conditions in the tool / workpiece and
the excessive material flow results leading to flash formation, surface galling and nugget
collapse. On the other hand, cold FSW produces slip conditions, which result in
insufficient flowing material resulting in surface lack of fill, wormhole, or lack of
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consolidation defects on the advancing side. Arbegast [56] has identified characteristic
defects in FSW,as shownin Figure 2.7.

Figure 2.7: Characteristic defect types in friction stir welds [56].

It is taken for granted that the optimum processing conditions can prevent flow related
defects. Zhang et al. [57] proposed a mathematical model for defect free welds, assuming
the friction stir welding can be regarded as micro-pores generation and disappearing
procedure. The mathematical formula couples the axial pressureP, rotationalω, and
welding vw,speeds (Eq. 2.1).

(2.1)

wherec is a tool constant.
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He et al. [58] developed a steady-state Eulerian finite element formulation to calculate the
flow and thermal fields in three dimensions. Evolution of voids was simulated using a
void growth model that incorporates visco-plastic flow and strain hardening of
incompressible materials during plastic deformation. The void growth rate was expressed
as a function of the void volume fraction, the effective deformation rate, and the ratio of
the mean stress to the strength of the material.
Arbegast [56] proposed a flow-partitioned deformation zone model, and mass balance
using the equations of motion for a multi-body dynamic system. The model described the
conditions under which volumetric defects would, or wouldn’t, form during wiping flow
in FSW. The model assumes a critical mass of material necessary to maintain balanced
flow and prevent volumetric wormhole formation. Volumetric defect introduced as a mass
deficiency factor. An excess material factor described the flowing material added to the
incoming control volume due to the temperature field, constitutive properties and strain
rate conditions beneath the shoulder and around the pin. A flow partitioning function
described the flow of material from one zone into another (Figure 2.8) under the applied
rotational, translational and forging forces.
Kim et al. [59] experimentally studied the optimum FSW condition range and how it is
affected by the plunging force. The study was applied on aluminum die cast ADC12 and
considered three types of defects: mass of flash which was found to be increasing due to
excess heat input, cavity or groove-like defects caused by insufficient heat input, and,
cavity caused by the abnormal stirring.
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Figure 2.8: Fllow-partitioneed deformatioon zone geomeetries forming within the extrusion zone [56].
[
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(i.e. hardness, tensile strength, shear strength of lap joints, and fatigue performance).
Moreover, examining produced macro and microstructure to evaluate defect formation,
grain size, dynamic recrystallization, as well as size of the processed zone. There are other
parameters that affect the produced joint quality, which are tool design (i.e. size, profile),
tool tilting angle, and fixture position and machine rigidity. To reduce the effort of
experimental work and testing for optimizing FSW process parameters, the process
variables and their effect on the quality of the joint could be studied by correct modeling
using analytical or numerical methods.
In optimizing process parameters, researchers concentrate mainly on two elements, the
tool rotational and welding speeds. Table 2.4 illustrates the optimum conditions reported
in the literature based on experimental testing. The list is ordered based on material type,
and it includes optimum welding parameters (rotational and welding speeds), recorded
axial and transversal loads and joint tensile strength. Optimizing the process parameters
was mainly based on surface finish, mechanical performance, surface cracking and tensile
strength, or macrostructure evaluation for voids or defects formation.
The effect of plunging force on FSW condition was studied by Kim et al. [59], and the
study indicated that the higher the plunging force the wider the range of FSW optimum
conditions. Figure 2.9 shows the range of optimum FSW conditions for ADC12 [59].
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Table 2.4: Optimum FSW parameters reported in the literature.

Material\Alloy

*Al 1050
*AA2024
*AA6061
*AA7039
*AA7075
**AA2014

Tool design
[mm]
rs

rp

9

3

10

3

Operating speeds
Loads[kN]
(optimum)
N
V
[rpm] [mm/min]
900
135
1200
75
1100
100
1300
45
1500
22
1120

120

500

192

Tensile [MPa]
Reference

Fx

Fz

Uo

UT

-

8

-

-

[49]

-

-

-

375

[50]

UT=440 MPa
AA2092
UT=196 MPa
**AA2092

5

1.9

210
-

1000

126

-

-

[51]
460

UT=370 MPa
AA6056
Uo=240 MPa

7

3

800

80

1.86

6.6

247

280

[52]

Uo=250 MPa

7

3

1600

115

-

7.2

185

260

[45]

UT=290 MPa
***AA5083
***AA6111
AISI 1081

5

2

1000

100
150

-

-

-

-

[62]

Uo=310 MPa

9.5

-

450

25.4

-

17.8

331

476

[63]

12.7
3
500
100
UT=531 MPa
* optimizing criterion is based on free macrostructure defect.

26.7

-

537

[25]

UT=316 MPa
AA6082

UT=463 MPa
API X65

** heat treated and aged
***smooth surface finish, minimum internal defect, and no crack formation in a hand-bending test.
- not reported
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Figurre 2.9: Range of the optimum FSW condiitions for each
h tool plunge force
f
[59].
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2.4 Modeling of FSW Process

FSW presents a multi-physics modeling challenge, because it combines closely coupled
heat flow, plastic deformation at high temperature, and microstructure and property
evolution. FSW modeling and simulation have been limited mainly because of the
complexity of thermo-mechanical process (e.g. material flow, temperature rise, large
plastic deformation, contact, and friction). Because of these difficulties, solid mechanics
based models and simulations that include material flow effects appeared in the literature
later than thermal or thermo-mechanical (non flow based) models and computational fluid
dynamics models CFD, which usually consider the workpiece as viscous fluid.
The following sectionspresent analytical and numerical models found in the literature,
through which the idealization and implementation of FSW physics and FE modeling can
be understood.
2.4.1 Heat generation estimation
The main source of heat in FSW is due to frictional contact of the tool shoulder with the
workpiece, as the tool shoulder is responsible for producing more than 80% of heat [68,
69]. Heat generation by the tool shoulder was formulated using the torque needed for
rotating a cylindrical shaft relative to a plate surface. This mode was developed for
frictional (Inertia) welding by Crossland[70] and then modified for FSW by Midling and
Grong [71]. The formula for the required torque Mis presented in Equation(2.2).
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2

(2.2)

whereR is the radius of the rotating shaft (inertia welding), P is the axial pressure, and µ is
the contact coefficient of friction.
If all the shearing work at the interface is converted into frictional heat, the average heat
input Qbecomes:
2

3

(2.3)

whereω is the tool rotational speed in rad/sec.
Kovacevic[72,73] modified the above formula to include the tool pin size and considered
temperature dependentaxial pressurePand friction coefficientµ:

2

(2.4)

whererp tool pin radius, rs tool shoulder radius, and T is temperature.
On the other hand, heat generation due FSW using threaded tool pin was derived
byColegrove et al. [74].The heat generated by the tool pin consists of: (a) heat generated
by shearing of the material, (b) heat generated by the friction on the threaded surface of
the pin, and (c) heat generated by friction on the vertical surface of the pin. The
formulation includes the contact condition of tool-workpiece (stick-slip) through
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parameter δ(Equation(2.8)). The heat generation by the pin can be calculated by the
following expression.

2

√

cos

(2.5)

where

(2.5a)
(2.5b)
90

λ

tan

(2.5c)

andδ is slip factor, hw is workpiece thickness, σo is processed material yield stress, λ ispin
thread helix angle, µv is material viscosity
Schmidt et al. [69] established an analytical formula based on torque to calculate the heat
generation during FSW. The authors applied different assumptions of contact condition.
The formula assumes that the change in heat input is equivalent to the change of torque
into tool rotational speed, using the same principle used by Crossland [70]. The authors
ignored the transverse motion of the tool which leads to exclude heat generation due to
plastic deformation from their derived formula.
(2.6)
whereM is tool torque, Fs is shear force and τc is the contact shear stress.

35

The contact shear stress τcdepends on contact condition. In sticking contact, the contact
shear stress will equalthe yield shear stress (in[69] authors assume von Mises criteria to
evaluate yield shear stress) and for slipping contact condition the coulomb law of friction
is used.

√

(2.7)

The author used a dimensionless slip parameter δ(which has been used also by [74])to
indicate the state of contact condition. For full sticking, slipping, and for stick slip
condition, δ is derived from the relative velocity of work piece with respect to tool and
related to slip rate as shown in Equation (2.8).
1
0
0

1

(2.8)

1

wherevm is material velocity, vt tool velocity, and

is the slip rate and is equal to

Schmidt [69] divided the tool into three heat generating zones:(a) tool shoulder, and in
this model the formula accommodates the concave shape of shoulder in terms of its angle
α, (b) the heat generated by cylindrical pin, and (c) the heat generated by the pin tip. The
final formula derived using cylindrical coordinates is shown in Equation(2.9).
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1
2

3

1

1

tan

3
(2.9)

Nandan et al. [75] derived a function that presented the heat flux q distribution during
FSW as a function of tool welding speed and tool/workpiece contact condition (Eq. 2.10).
The formula includes the effect of stick-slip.This formula was modified later by Hamilton
et al. [76, 77] where they proposed that a characteristic relationship exists for aluminum
alloys during FSW, consisting of the ratio of the maximum weld temperature to the
solidus temperature of the alloy. From that relationship, an energy-dependent expression
for the slip factor was proposed. The formula developed by Nandanet al.[75] (Eq. 2.10)
differs from that of Schmidt (Eq. 2.9) [69] as it includes the effect of welding speed, and
represents the asymmetry of FSW process; Equation (2.10) presents the heat flux as a
function of radial distance from tool center line.
1

sin

(2.10)

whereη is the amount of plastic energy converted into heat
Based on torque measurements, Cui et al [78] developed an empirical relation that
represents the effect of process parameters (N and V) on the torque. The fundamental
dependence of torque on rotation speed is a result of the change in material flow
resistance. The model allows for the decay and the pre-exponential parameters to be
adjusted to accommodate the alloy effect in the low rotation speed range.
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Using modified Rosenthal’s model, Vilaca et al. [79] developed a 2D and 3D analytical
thermal model to predict the thermal history of the FS welded plate. One of the model
limitations is in surface heat loss, as it considers the free surface and the back plate to
have the same amount of heat loss. The model also ignores heat transfer to FSW tool. The
calculated heat source is presented as a point or a line source at the center of the processed
zone, and this is another limitation. The model assumes constant material density, specific
heat and thermal conductivity that do not vary with temperature, in order to reduce the
nonlinear terms in the temperature characteristic equation.
Equation (2.11) represents the heat flux in cylindrical coordinate system during cold
FSW(N/V<2)

4

sin

2

cos
(2.11)

It is clear from the above equation that the heat source varies at the angular direction,
which represents the asymmetry of the FSW process.
Part of the heat generated at the tool-workpiece interface is transmitted to the tool. This
amount is controlled by the thermal properties of the tool material. Analytical expression
based on steady-state one-dimensional heat transfer from a point heat source located at the
interface of dissimilar metals is used to evaluate the fraction of heat flow f to the
workpiece with respect to that flowing into the tool.This is presented in Equation (2.12)
where the subscripts W and T are for workpiece and tool, respectively [82].
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(2.12)

wherek is thermal conductivity, ρ is material density, and Cp is material specific heat
Using measured maximum temperatures, and calculated heat input, Roy et al
[81]developed a dimensionless empirical formula to predict the maximum temperature
during FSW, using Buckingham’s π-theorem. The dimensionless maximum temperature
is presented in Equations (2.13)
0.131 ln

where

|

0.196

(2.13)

.

From the above heat generation formulae, heat is seem to be function of axial load (Fz)
and friction coefficient(µ). Friction coefficient in all studies is usually assumed to be
constant along the process. Frigaard et al. [82] suggested that frictional coefficient (µ)
based on friction between aluminum and mild steel, ranges between 0.5 for sticking and
0.25 for dry sliding. Soundararajan et al. [83] assumed that µ varies between 0.5 and 0.4
according to the welding conditions, while Schmidt and Hattel[84] used a constant value
of µ equal to 0.3.
Liechty and Webb[85]modeled the frictional boundary condition to evaluate the slip
condition using a variable shear model. The variable shear stress model includes both
Coulomb and limiting Tresca friction. Comparison with experimental data results showed
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that the variable shear model is superior to a sticking condition model. The variable shear
model also suggests formation of a void region behind the pin. The model estimated the
maximum velocity of the weld material to be 0.09 of the tool’s rotational speed. On the
other hand, Schmidt et al. [86, 87] estimated the average velocity of material flow through
shear layers based on experimental investigation of tracer flow to be approximately 0.1 to
0.3 times the shoulder rotational speed.
2.4.2 Estimation of metal flow velocity around FSW tool
Schneider and Nunes[88], Heurtier et al. [89], and Jacquin et al. [90] proposed kinematic
flow models that consider the metal flow as influenced by the processing parameters. In
all models, the kinematic flow consists of three incompressible flows derived using
classical velocity fields used in fluid mechanics: (a) torsional, (b) circumventing, and (c)
vortex, (Figure2.10).
Heurtier et al. [89] incorporated the flow model with heat input from the tool shoulder and
the plastic strain of the bulk material to simulate FSW. In their model, the velocity field
was evaluated at two zones. The first one is below the shoulder (1 – 2 mm) and known in
the literature as the flow arm, and the second is located in the nugget zone (Figure 2.10).
Their model can be used to obtain the strains, and strain rates, based on Lagrangian
method. Estimations of the temperatures and microhardness in the various weld zones
may also be obtained.
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Jacquin et al. [90], proposed a simple Euler formulation to simulate FSW process, using
the model developed by Heurtier et al. [89]. They considered the asymmetry of the FSW
process as in Heurtier’smodel. Jacquin’s model allows for partial sliding between the
shoulder and the workpiece, the amount of which is provided as an additional result of the
model. Unlike Heurtier’s, Jacquin’s model divided the material flow into 3 zones, as
shown in Figure2.11. Jacquin et al. derived the material velocity filed using cylindrical
coordinates system, the circumventive velocity field applies to all zones, and this field
describes material flow around the pin like water around a bridge pile. This field is
defined by Equation (2.14).

Figure 2.10: Schematic representation of the three velocity fields [89].
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Figure 2.11: Partition of the welding zone for the definition of the elementary velocity field [90].

1

cos

1

sin

(2.14)

0
where is the velocity vector in cylindrical coordinate, Γ is material circulation added to
account for partial circumferential dragging of the material due to the rotation of the tool.
The material does not completely stick to the pin, (i.e.

). Based on Jacquin

experimental measurements of the temperature distribution for three test cases it was
found that

0.02 .

Since friction occurs between the shoulder of the tool and the upper surface of the
workpiece, it develops a shear strain under the surface. Therefore, a torsion velocity field
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(Eq. 2.15) (centered on the probe axis) is introduced to describe this shearing effect in the
flow arm zone (zone I). The zone depth does not exceed 1/5 of the sheet thickness [89].

(2.15)

where

√3

, and h is the flow arm thickness,

is the equivalent strain rate, r

is the radial distance from tool center, z is the longitudinal distance from workpiece
surfaceand subscript m indicates mean value.
A simplified velocity field was derived by Nandan et al. [75] and the global velocity field
in the Cartesian coordinate is presented in Equation(2.16).
sin
cos

(2.16)

where denotes the pitch of the threads on the cylindrical tool
The above literature review presented the formulas predicting heat generation due to
frictional contact, including the effect of stick and slip conditions in tool/workpiece
interface, as well as estimating processed material velocity based on fluid dynamics
principles, and frictional contact model. A complete analytical solution that represents the
FSW process is not easy as FSW include coupled mass, heat flow and flow of stress
equations. Thus, finite element analysis (FEA) and finite volume are heavily used in
simulating FSW. Modeling of friction stir welding using FEM can be classified under
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three types: thermal, thermo-mechanical non-flow base, and thermo-mechanical with
metal flow. Nowadays commercial software such as Abaqus, DEFORM 3D and ANSYS
LS-DYNA are intensively used in research to solve coupled field problems of metal
forming. In the following section, a summary of reported finite element models of FSW is
presented.

2.5 Numerical Modeling of FSW

2.5.1 Thermal modeling
Thermal models are used to evaluate temperature distribution in the workpiece during and
after FSW process. The thermal model does not consider metal deformation, and they are
mainly simulating the heat conduction into the workpiece due to moving heat source that
is usually estimated using heat generation formulae developed for FSW. In these models,
researchers investigate the steady state and transient temperature distributions in welded
zone and across the base metal. These results could be used for further analysis, such as
prediction of microstructure or strength in the HAZ. The main challenging aspect in
thermal modeling is how to apply exactly the correct heat source (amount and shape)
developed during FSW.
Frigaard et al. [82], and Song and Kovacevic[91], used the finite difference method to
evaluate the heat flow in the workpiece during FSW. They followed the same
representation of heat generation using a modified form of the formula (Eq. 2.4) derived
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by Midling et al. [71], except that Song and Kovacevic had added the heat generated by
the tool pin using a formula developed by Colegrove[68] (Eq. 2.5). Frigaard [82]
investigation was applied to two Al alloys,AA6082-T6 and AA7108-T79, while Song and
Kovacevic[91] modeled transient heat transfer in FSW process of AL 6061-T6. Tool
movement is one of the modeling problems that rise while simulating FSW or any process
that includes a moving heat source (i.e. laser cutting, conventional welding). Song and
Kovacevic [91] simulated the tool linear movement (welding line direction) using a
moving coordinate reference, which allows the model to predict the tool temperature.On
the other hand, in Frigaard[82] model, the heat flux was advanced one grid length
(dx)every iteration, and the iteration step time is evaluated from the tool advancing speed.
Both models assume symmetric conditions along the welding line, but in reality FSW is
asymmetric process. Song and Kovacevic[91] calculated the heat generation using a
constant µ value of 0.4, and axial load Fz = 25kN.Frigaard[82] used an adaptive frictional
coefficient µ, using proper corrections factors for the drop in the frictional coefficient µ at
elevated temperatures. The average µ was 0.4, and the minimum value was selected to be
0.25, while the axial load was maintained constant at Fz= 7kN. Both studies ignored heat
loss by radiation and only assumed convective boundary conditions on free surfaces, and
effective heat convection to represent the heat loss to backing plate. Both models
overestimated the maximum temperature, as well as ignored the asymmetric behavior of
FSW.
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Schmidt and Hattel[87], discussed the basic elements in thermal modeling, and presented
a new thermal pseudo-mechanical model, their model used the temperature dependent
yield stress as a variable to calculate the heat flux assuming sticking condition (Eq.2.17).
(2.17)
In their model, boundary conditions were applied as convective heat transfer to ambient
from free surfaces, and effective heat convection to represent the heat loss to backing
plate. The model was implemented and simulated using COMSOL. The model results
match well with experimental findings, with less over estimation compared to the results
of previously mentioned studies.
Hamilton et al. [76,77] proposed a contact model and an energy-based formulation, using
Johnson–Cook plasticity model in order to account for heat generation due to friction
contact and plastic deformation. The addition of thermal energy due plastic deformation
enhances the prediction of maximum temperature by 5.5%, as well as the effect of stick
and slip of tool shoulder [76]. The slip factor indicates the dominant heat source, if it
results from friction or plastic deformation. Hamilton applied the heat generation as a
surface heat flux ignoring heat generation at the tool pin/workpiece interface. In both
studies [76, 77] the maximum predicted temperatures were always lower than measured
ones except at high rotational speed, and this is due to high convective heat loss at free
surfaces, as well as to oversimplification of plastic energy model, as at high rotational
speed the frictional contact is the dominating heat source.
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Hilgert et al [92], developed a thermal model for a bobbin tool, based on previous work
bySchmidt and Hattel [87]. The new model uses Arbitrary LagrangianEulerian (ALE)
formulation to simulate the FSW tool movement in the thermal model. The model
predicted the maximum temperature with a very small error of 3.5 °C, but during the
cooling phase it overestimates the workpiece temperature.
All mentioned thermal models are based on solving the heat equation for applied surface
heat flux in addition to internal heat generation representing the tool pin, and using
convective heat loss as boundary conditions. Results produced from such models could be
further used in evaluating residual stresses, and thermal plastic deformation. The main
difficulties in thermal modeling consist of applying the correct thermal boundary
conditions, as the heat loss to backing plate plays a major role in temperature distribution
and maximum temperature.

2.5.2 Thermo-mechanical (non-flow based) modeling
The thermo-mechanical models (non flow base) are mainly developed to evaluate the
stresses and strains resulting from thermal gradient and tool axial force. They also
include the effect of the fixture position. These models ignore the metal flow around the
tool pin and under the tool shoulder. Thermo-mechanical non flow base models apply all
conditions used in thermal modeling as discussed in the previous section, and the
mechanical model is solved directly with the thermal model or sequentially. Mechanical
boundary conditions and loads are applied to the solid model to solve equilibrium and
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constitutive equations. Assumptions and approach differ from modeler to another.
Moreover, the capability of the FEA solver and computer processor may affect the
produced results.
Using FE modeling software developed for conventional welding, Zhu and Chao [93]
studied numerically FSW process on stainless steel 304L, by generating threedimensional nonlinear thermal and thermo-mechanical numerical simulations. The finite
element analysis WELDSIM was used. WELDSIM simulates the welding processes such
as conventional fusion methods (e.g. arc, MIG, TIG etc. welding). The authors’ objectives
were to study the variation of transient temperature and the developed residual stresses, in
a friction stir welded plate, using 3D elastic–plastic thermo-mechanical simulation. The
model assumes symmetric boundary conditions along welding line, and radiation and
convection heat loss from free surfaces, and the heat loss to the backing plate was
simulated by equivalent heat convection. The model was calibrated by experimental
temperature findings, by changing the heat generation and the equivalent convective heat
loss to the backing plate. The model ignored the metal flow and the mechanical model
was sequentially coupled with the thermal model. The generated geometry was meshed
using 8 node brick element, for both heat transfer analysis and thermo-mechanical
analysis. Authors studied the effect of the tool rotational speed on both temperature and
residual stresses. They found that changing the tool rotational speed from 300 rpm to 500
rpm, would increase the temperature by 100 °C and the residual stresses would not be
affected much. Moreover, the thermal efficiency of FSW of 304L stainless steel (50%)
was found to be much lower compared to FSW of Al which was reported around 80%.
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Chen and Kovacevic[73], and Soundararajan et al.[83] simulated butt welded FSW of
6061-T6, and Rajamanickam et al. [50] simulated FSW of 2014-T6 butt weldedusing
ANSYS. All models were meshed using eight node solid element with plasticity, stress
stiffening, large deflection, and large strain capabilities. The thermo-mechanical model
was sequentially coupled. Symmetric boundary conditions along the weld line were
assumed in all models. Thermal boundary conditions were applied as free convection to
ambient temperature ignoring radiation, and an equivalent convective heat transfer to the
backing plate. For the heat conduction to the backing plate, Soundararajan[83] assumed
that the value of the contact conductance is to be in direct relationship with the stress
distribution at the interface between the bottom surface of the work piece and backing
plate. The stresses developed at the interface were determined considering uniform
contact conductance and used to define the values and contours of the contact
conductance. The contours were adaptively modified after each load step as the tool
moves. In all studies, it was found that plasticization of material under the tool increases
with the increase in tool rotation speed and/or decrease in the tool transverse speed which
resultedin reduction of vertical force.
Non-flow based thermo-mechanical models have taken the FSW modeling one step
forward. The new outputs of these models predicted the residual stresses developed as a
result of the thermal strains and the applied axial load. Moreover, in these models, the
effect of workpiece fixture location and release time on residual stresses could be studied.
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2.5.3 Thermo mechanical (flow based) modeling
Eulerian formulation is usually used for fluid dynamics modeling, while structural
mechanics and dynamics models are based on Lagrangian formulation. With the
advancement in computer processors, solving nonlinear FE models became more practical
in terms of computational time. Many commercial packages (such as Abaqus, FORGE 3,
DEFORM 3D, LS-DYNA) for solving FE models for dynamic analysis and metal
forming are used today to model the FSW process, using Lagrangian explicit and arbitrary
LagrangianEulerian (ALE) formulation. Simulation of metal forming processes could be
done using ALE formulation, as it reduces convergence problems of solution resulting
from mesh distortion produced by large material deformations. To simulate the FSW
process (i.e. metal flow around the tool pin, pin geometry effect, strains and strain rates,
prediction of microstructure, generation of flaw discontinuity), flow based thermo
mechanical models are developed, using different algorithms. At early stages of metal
flow simulation, researchers depended mainly on computational fluid dynamics (CFD)
where the material is modeled as a fluid, and this assumption has some limitation on
presenting the true state of the metal during FSW.
Ulysse[94] was the first to study the effect of welding and tool rotational speeds, on
temperature distribution, forces on the tool pin and flow of particles near the rotating pin.
The study was applied to Al alloy 7050-T7451, using the commercial CFD software
FIDAP. The geometric model was generated as 3D, with visco-plastic, incompressible,
and a temperature dependent mechanical and thermal property with 90% of plastic
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deformation transferred into heat. Tool rotation and translation velocity were applied as
velocity boundary conditions. The model ignored friction contact, and heat loss to the
backing plate, as wellas developed elastic strains and residual stresses. Colegrove and
Shercliff[95]studied the metal flow around a threaded pin using FLUENT. Their model
resulted in poor prediction of temperature and force on tool pin, probablya result of
assuming that the material sticks to the tool surface ignoring tool slip. Kim et al. [67]used
STAR-CCM+ to simulate steady state FSW to find the thermal history to study the
abnormal grain growth (AGG) in AL 5083-H18, assuming rate independent elastic
perfectly plastic material. Similarto Colegrove and Shercliff, the authors considered full
sticking condition only, ignoring slipping. Welding velocity was considered as inflow to
inlet boundary, and outlet flow to the exit boundary. Their simulated temperature results
matched reasonably well with experimentally measured ones. The simulation results
confirmed that the implementation of a proper thermal boundary condition at the interface
between the workpiece and the backing plate is important for prediction of accurate
results.
The drawback of using CFD in modeling FSW is the difficulty to handle realistic
frictional boundary conditions at the tool/workpiece interface. Furthermore, CFDcannot
implement material strain hardening, thus cannot predict residual stresses and strains
developed during FSW.
Deng and Xu[96],studied the metal flow pattern and spatial velocity field around the
rotating tool pin during friction stir welding of Al 6061-T6 using Abaqus with ALE
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remeshing. The authors idealized the problem as a two-dimensional with the plates to be
joined thick enough to ensure a state of plane strain. The model did notpredict the
temperature developed, as experimentally measured temperatures were applied as body
load on the solid model. Sliding boundary conditions were applied on the pin work piece
interface, with frictional contact model.A modified Coulomb friction law with a friction
coefficient of µ = 0.3 was used. The material was modeled as rate independent with
isotropic hardening, considering the effect of temperature on yielding. Their work was
concerned with evaluating the velocity field and metal flow; the numerical results
compared qualitatively well with the experimental ones, in terms of metal flow as
compared with tracing material. The model is over simplified as it assumes plane strain
and ignores the metal flow in the axial direction and beneath the tool.
Schmidt and Hattel[84]developed a local thermo-mechanical model to analyze the
primary conditions under which the cavity behind the FSW tool is filled
usingAbaqus/Explicit andALEremeshing. The tool was considered as rigid body,while a
disc shaped represented the workpiece, withEulerian surface at the circumference to
define inflow and outflow regions to describe the welding speed. The model allowed the
separation between the tool and workpiece. The contact was modeled using penalty
contact formulation with 0.3 friction coefficient (µ).Heat generation due to plastic
deformation and frictional contact were also included. Results predicted the lack of
material deposition in which case a void was developed at the lower advancing trailing
side of the probe/matrix interface as shown inFigure2.12.
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Figure 2.12: An example of void formation predicted by the model [84].

Mandal et al. [97] studied theplunging phase in FSW; the study was based on
experimental and FEA modeling. The 3D FEM was developed using the commercial code
Abaqus to study the thermo-mechanical processes involved during the plunge stage. The
material was modeled as strain rate and temperature-dependent using Johnson–Cook law.
Friction coefficient µ was assumed to be constant and equals 0.3. The model overlooked
the heat dissipation into the tool and backing plate and faced convergence problems. The
results only correlate with experimental data for the first few seconds of the simulation
time. The authors tried in vain to use different methods to overcome the convergence
problem.
Using a different FE software (DEFORM 3D), Buffa et al.[35] proposed a coupled 3D
Lagrangian implicit continuum based FEM, using strain rate and temperature
dependentvisco-plastic material model. The tool was considered as rigid body, and the
tool work piece frictional interaction coefficient was taken as 0.46. The authors studied
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the effect of welding speed on maximum temperature in HAZ and the strain in the nugget
zone. Strains and temperatures at advancing side were found higher compared to the
retreating side. Their results showed an inversely proportional relation between welding
speed and strain-temperature distributions. They also investigated the effect of the
welding speed and the tool design (conical angle) based on varying the pin tip diameter.
The comparison included the developed temperatures, strains and strain rates and welding
loads on the tool. Later, Buffa et al. [39] studied the effect of varying the joint
configuration and the tool geometry and rotational speed on the mechanical and
metallurgical properties of Al 2198-T4 lap joint using experimental testing and finite
element modeling. Finite element results showed that increasing the tool rotational speed
will increase the width of the plasticized zone (nugget) and the simulation results agreed
well with those of microstructural tests.
Zhang et al. [64] used 3D FEM to study the effect of process parameters on plastic strains,
using ALE formulation and remeshing techniques to accommodate large deformations.
The material was modeled as rate independent, and temperature dependent mechanical
properties. The tool workpiece contact was defined using modified coulomb friction
model.To simulate the tool transverse speed, material particles moved with a constant
speed vwrelative to the pin, in the direction opposite to the translational movement of the
pin while applying axial load on the shoulder. In another work,Zhang and Zhang [66]
used ALE to study the processes controlling parameters using localized model. Their
model was meshed using 3D coupled field brick eight-node hexahedral element to
simulate the material behaviors near the tool–plate interface. The geometric model was in
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the form of round plate with 40 mm radius. The tool was modeled with four-node 3D
bilinear rigid quadrilateral elements. The welding tool was self-rotated and the transverse
speed is applied on the inflow surface on the welding plate, which is identical to the
welding speed of the tool in a real process. Material thermal properties were assumed to
be independent of temperature. Contact was modeled using slip rate

of 0.5% and

the friction coefficient µ was constant and equal to 0.3.
Assidi et al. [98] used FORGE 3 with ALE capabilities to simulate FSW process. They
used experimental results to calibrate the frictional model for accurate numerical results.
Numerical results indicated that the forces and temperatures are very sensitive to friction.
Calibrating the friction coefficient based on measured forces was easier than calibrating
them using temperature.
A large variation in idealization of the FSW process is found through the literature, as
some authors used the 2D models and others preferred to use 3D models. Each numerical
model was generated to satisfy certain assumptions based on the developer needs, as
results concentrate on different aspects such as; process variables and their effect on
temperature distribution, or metal flow (plasticity) or load and reactions on the FSW tool.
Formulation of the FSW problem was carried out using different methods, Lagrangian,
Eulerian and ALE. Each method has its advantages and limitations. Moreover, assumed
boundary conditions have affected the numerical results. Selection of boundary conditions
sometimes was limited to the computational capabilities (i.e. assuming symmetric
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conditions, rate and independent parameters), or the lack of data to be entered to the FE
model (i.e. heat loss to the welding tool and backing plate).

2.6 Current Status

In light of the above literature review, it was shown that earlier studies in the field of
FSW/FSSW and FSP modeling focused on evaluating the temperature distribution in the
workpiece, using analytical formulation based on Rosenthal or modified Rosenthal heat
flow, or thermal modeling using commercial FEA programs to evaluate maximum
temperature and temperature gradient in the work piece. Both analytical and thermal FE
models depended mainly on solving heat transfer problem for moving heat source. These
models which were actually developed in the 1950s to model conventional welding and
laser processes, were used to simulate the FSW by firstly calculating the heat generated
due to FSW tool workpiece interaction during welding process.
Thermal models predict temperature distribution and thermal gradient, and the results
could be used to evaluate the thermal stresses developed in the workpiece. The main
limitation of the thermal models and thermo-mechanical (non-flow base) is the lack of
information about the state of deformed metal in the welding zone. Moreover, thermal
models replace the FSW tool by a moving heat source calculated using predicted contact
condition as previously presented in the literature review section. All developed formulae
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assume constant contact friction while frictional coefficient changes with temperature,
pressure and slip rate.
Later studies, with the advancement of computer capabilities, included the metal flow
around the tool pin, which brought the models more closely to the real process. Flow
based models started by applying principles of fluid dynamics, assuming that material
around the tool pin is a viscous fluid, and solved FSW based on Eulerian formulation
using numerical methods such as CFD. This method has limitations; as the elastic
behavior of processed material is ignored.
FE solid mechanics modeling using Lagrangian formulation encountered difficulties in
solving large deformation, as the large deformation or deflection is a source of
nonlinearity and increases the problem of solution convergence, which results from the
large mesh distortion. Nowadays, solving FE models of metal forming becomes more
feasible and computationally cost effective by using the Arbitrary LagrangianEulerian
(ALE) formulation. A number of commercial FEA software such as Abaqus, DEFORM,
FORGE and ANSYS Ls-Dyna come with ALE capability.
So far, neither analytical nor FE models of FSW for dissimilar material is reported in the
literature. Furthermore, there is no coupled thermo-mechanical analytical model that
completely describes the FSW process. Published analytical models either predict the heat
generation of FSW tool or predict the velocity field developed around the tool pin.
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Predictions of joint defects through analytical or FE modeling are not completely
developed or investigation of stable plastic deformation during the FSW has never been
reported. Few models were developed to predict or evaluate the formation of voids or
defects.
FE is a powerful numerical tool for simulating physical and mathematical problems.It has
however, some limitations. The FE gives an approximate solution for boundary value
problems. Solid mechanics (FEM) or fluid dynamics (CFD) solutions are very expensive
in terms of computational time for highly non-linear problems like FSW, as one run may
take hours to days on normal personal computer (PC).
Validation of models is usually based on experimental procedures and findings.
Experimental setups employ thermocouples attached on the workpiece thermocouples for
temperature measurements, as temperature is the main validating parameters in most of
the studies. Some studies, additional to temperature measurement used measured forces.
Experimental work was not only used for validating purposes, it also has been used to
calibrate existing models.

CHAPTER THREE

EXPERIMENTAL WORK

This chapter presents the newly developed method of tube-tubesheet seal welding using
FSW and the experimental setup prepared for this purpose. Moreover, it investigates the
process conditions and their effect on theachieved seal weld.

3.1 Method for Friction Stir Seal Welding of Tube-Tubesheet Joints

The friction stir welding process, in general, has been explained earlier in Chapter two.
The method of seal welding tube-tubesheet joints using the method developed by Shuaib
et al. in NSTIP project # 080ADV66-04 [99] will be summarized below:

1) The tube-tubesheet seal welding process starts with tube expansion in tubesheet
hole. This process facilitates the friction stir welding as it ensures the contact
between the tube and tubesheet, and restricts any relative movement of tube and
tubesheet during the FSW. The tube expansion in tubesheet is illustrated in Figure
3.1 a and b. A commercial roller expansion equipment and tooling manufactured
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by AIRETOOL [100] has been used for expanding the tubes into the holes of the
test blocks.
2) The expansion is followed by inserting a specially designed plug to prevent the
tube from caving in during FSW (Figure 3.1 c). The proposed plug is a double
expansion sleeve, as it can be easily inserted and expanded inside the tube, and
after the process is completed it can be released and used again for a number of
times.
3) A rotating FSW tool is plunged into the tubesheet at a point away from the tubetubesheet interface. This is preferable to avoid affecting the rolled joint, as
maximum axial tool force is reached during plunging phase.
4) After the plunging operation, the tool moves towards the tube-tubesheet joint, to
start seal welding it. The specially designed and manufactured tool shoulder
plasticizes the material of the tube and tubesheet forming a solid state joint
(Figure 3.1 d). Once the tool completes a full circle along the joint, it moves to
the adjacent tube and so forth.
5) Finally, once the seal welding process is completed, the tool is retracted at any
noncritical location (away from tube-tubesheet joint).

In FSW, an exit hole usually forms when the FSW tool is retracted.Two solutions are
available to remove the exit hole.The first one is to use a retractable tool pin. The second
method is to process the hole with filler material. Also, it can be left as is but it has to be
considered during the tubesheet design. Figure 3.2 presents a flow chart which
summarizes the steps for friction stir seal welding of tube tubesheet.
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Clearance

Expanded
Tube

Tubesheet

Tube

(a) (b)

Tube-Plug (support)

(c)

FSW tool

Plasticized
material

(d)
Figure 3.1: Schematic diagrams illustrating the new method of tube-tubesheet seal welding using solid
state friction stir welding.
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Post Processing
(Remove Formed
Flash)

Figure 3.2: Flow of the friction stir seal welding process of tube-tubesheet.

62

3.2 Tube-Tubesheet Test Cell Design and Material

According to standards [1, 2], any new method for rolling, seal welding or strength
welding has to be tested. The tube-tubesheet mockup is used to study and qualify the
proposed tube end expansion method and welding procedure.
3.2.1 Tube-tubesheet mock-up design

A number of standardized tubesheet layouts exist. They all depend on the required design
of heat exchanger. Also, there are numbers of acceptable types of welds in tube tubesheet.
In Figure 3.3 a, a schematic diagram shows the different tube-tubesheet pitch patterns
(30°, 60°, 45°, and 90°), while Figure 3.3 b shows accepted seal and strength conventional
welds. Friction stir seal welding of tube-tubesheet joints for projected tube configuration
presents further challenges that can be a subject of future research and development. The
present work deals with the flush configurations shown in Figure 3.3b.

In the current investigation, a 3-tube cell (Figure 3.4) has been used to represent the 90°
square tube-tubesheet configuration with a pitch of 1 in (25.4 mm) and tube outer
diameter of ¾ in (19.05 mm). The tube wall thickness (t) is selected to be 2.1 mm. The
tubesheet mock up simulates a heat exchanger with roller expanded tubes. For more
details, refer to Shuiab et al. [99]. The tubesheet thickness used is 1 in (25.4 mm). The
initial clearance between the tube and tubesheet before tube rolling has been kept at 0.01
in (0.254 mm).
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Thermocouple

T2

Figure 3.4: Tube-tubesheet cell geometry and dimensions (dimensions are in mm).
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3.2.2 Tube-tubesheet material

In this investigation the newly developed method for seal welding tube-tubesheet joints is
performed on 6-series Aluminum (Al) alloy because it can be easily FS welded using
hardened tool steel.Moreover, Al6061-T6 is frequently used for heat transfer equipment.
The chemical composition and mechanical hardness (Rockwell B scale) of the material
used for manufacturing the tube-tubesheet mock-upare given in Table 3.1.

Table 3.1: Chemical composition and Rockwell hardness (HRB) of the Tubesheet and Tube.

Element W%
Mechanical hardness
(HRB)
57.25
TUBESHEET 0.84 0.91 0.69 97.56
50.4
0.55 1.58 0.7 97.18
TUBE
Mg

Si

Mn

Al

Aluminum tubes with required dimensions for use in this investigation are not available in
the local market. It isthen decided to produce the tubes out from Al rod by drilling-boring
and machining operations to required dimensions. The microstructure of both tube and
tubesheet raw materials are revealed to indicate the differences between the two materials,
and they can be seen in Figure 3.5 (a & b), respectively. In the tube microstructure, the
material flow lines can be clearly observed, as tube is produced from extruded rod as
mentioned.It can be also noticed that grains are not revealed. On the other hand, grains of
tubesheet raw material are revealed.
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Extrusion flow lines

(a)

(b)

Figure 3.5: Microstructure of a) tube, b) tubesheet, at 200 X and etched using 2% Hydrofluoric acid
(HF).

3.3 Seal Welding Tests on the RM-1 FSW Machine

3.3.1 Experimental setup

A fully instrumented experimental friction stir welding setup built around Model RM-1
FrictionStir Welder manufactured by MTI [103] has been used to perform seal welding of
tube-tubesheet joints under investigation. This machine isspecially designed and built for
FSW research purposes of NSTIP project 08-ADV66-04. RM-1 is a three axis CNC
machine, and has a maximumplunging force capacity of 67 kN, and 15 kW spindle power.
The machine is operated and controlled using computer numerical control (CNC), and can
be programmed using M-and G-codes. The machine FSW tool plunging has three control
modes: force, position and position with deflection compensation control modes.
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Figure 3.6: RM-1
R
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hanical Engineeering Department Worksh
hop.

3.3.2 FSW
F
toolingg and fixturee

FS
SW tool deesign is controlled by several paarameters, namely:
n
joinnt geometryy and
prrocessed maaterial. Alsoo, there are different toool shapes and profiless that have been
deeveloped durring the last two decadess as discusseed in chapterr two (subsecction 2.3.1).

Inn this investiigation, the tube wall thhickness of 2.1
2 mm andd tubesheet holes
h
ligameent of
6..35 mm are the main tool size controlling factoors. With suuch a tight geometry, thee tool
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shoulder diameter has a limited size of twice the tube wall thickness for a zero tool offset.
Heat produced by frictional contact from such a small tool shoulder may not be sufficient.
This can lead to defected welds, or may increase the risk of tool failure. To compensate
for a larger tool shoulder, the welding path is modified by increasing the tool orbital
motion (tool-joint line offset) around the tube-tubesheet joint path, as such action is
possible for seal weld, and it is also has been used during FSW of soft to hard dissimilar
materials [18]. Tool offset is controlled by the ligament size. For the investigated tubetubesheet, the ligament is 6.35 mm.The maximum available space for the FSW tool in
order to have no overlapping with adjacent welded tubes, is one half the ligament plus
tube wall thickness, which equals 5.2 mm. The offset in this case can range between 0 to
0.5 mm, for the investigated tube-tubesheet size. Using the upper offset limit a tool
shoulder of 5.2 mm diameter can be used(The effect of tool offset on produced joint has
been investigated in subsection 3.3.5). Based on available information and reported
advantages and limitations (subsection 2.3.1 and 2) on available tool profiles, it is found
that a threaded tool pin and scrolled shoulder can reduce welding forces, thus better welds
can be performed and higher welding speeds can be achieved. The adopted FSW tool in
this investigation is manufactured by Manufacturing Technology Incorporation (MTI),
which is also used to perform the tube-tubesheet seal welding. The tool has a counter
clockwise scrolled shoulder of a 5.22 mm diameter, and 4.2 mm fillet tangency. It also
has threaded pin of 2 mm diameter and 1.6 mm length. The FSW tool consists of two
parts.The first part is the tool body which includes the tool shoulder (part no.
MTI011794).The second part is the tool pin insert(part no. MTI011790).As the tool pin
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wears faster than the tool shoulder, so it is more efficient to change the pin rather than
changing the complete tool. The tool has been manufactured from H13 RC 50-55 tool
steel. Figure 3.7shows a photograph of the FSW tool used in this work.

Shoulder

Pin

Figure 3.7: Photograph of FSW tool by MTI.

Similar to all machining processes, it is very important to rigidly fix the workpiece.
During FSW, the workpiece has to be clamped and supported from all directions (x, y, z)
as any relative movement of the workpiece with respect to the machine working table may
create defects or lead to unsuccessful weld. The workpiece fixture has a major effect on
the performed weld quality. Shuaib et al. [99] designed a set of fixtures to perform friction
welding on the RM-1 FSW experimental setup.The fixture shown in Figure 3.8 has been
designed for seal welding tube-tubesheet joints. It consists of a steel base (backing plate)
to support the workpiece, and a set of clamps and screws. Four clamps are used to hold
the workpiece from top, and four screws hold it from the sides.
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Test cell
Screw
and nut
Clamp

Backing

Figure 3.8: Fixture.

The axial and crossfeedforces developed during FSW pf the tube-tubesheet may deform
the thin tubes and cause them to buckle or cave in,which canleadto seal weld or expanded
joint failure. The effect of welding with and without tube plug is illustrated in Figure
3.9(a) and (b), respectively. It is clearly visible in Figure 3.9(b) that the tube has buckled
and detached from the tubesheet and the tube inner wall has deformed inwards towards
the center of the tube. The latter reduces the tube entrance diameter, so additional
processes of machining and tube re-expansion may be needed.

The tube plug material has to be stronger than the processed material. Moreover, the tube
plug has to be inserted and removed easily. In this experimental work, the tube plug is
made out of steel grade 4041 and it has a cylindrical shape with a diameter equals to the
tube inner diameter.
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tubesheet test cell (Table 3.1). The investigated parameters include:tool welding speed
and plunging control method. The evaluation of the weld quality is based on visual
inspection to identify surface defects, macrostructure analysis andmicro-hardness
measurements across the various zones of the weld bead.The plunge and welding forces
have also been used in evaluate the effects of seal welding parameters.

The findings of the preliminary tests have been used for validating FEM analysis results
of the steady state FSW process. The investigation is carried out in order to find the
material response to welding conditions, and the tool path geometry. In order to compare
straight and circular tool paths on the quality the friction stir weld bead, welding has been
performed along a tool path that generates the letter (g), as schematically shown in Figure
3.10. This has create linear weld path (zones A, D, I), circular contours (zones B, and C)
of a semicircle, half circle, and full circle contour (zone E, F, G, and H). The latter
illustrate the tool motion during seal welding tube-tubesheet joints. Zones H and I
represent the overlap which occurs during the suggested seal welding of tube-tubesheet
joints. Friction stir welding along the above path had been conducted at four tool welding
speeds V (125, 150, 175, and 200 mm/min). Welding has been performed at two type of
plunging conditions;the first using position control and the second using force control
with plunging depth limit of 2.35 mm. During all these teststool rotational speed Nhas
been fixed at 1500 rpm, which is the tool rotation speed recommended by the tool
manufacturer (MTI).
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Figure 3.10: Schematic diagram of tool path.

3.3.3.1 Weld quality.Figure 3.11 shows photographs of the weld bead at threedifferent stir
welding conditions. Friction stir welding at speed of 125 mm/min, and plunging by
position control lead to weld beads that appear to have a lack of fill defect along the
retreating side as shown inFigure 3.11 a. On the other hand, the rest of the welds at the
other conditions showed better quality with small surface defect at the overlapping region.
The weld beads shown in Figure 3.11 b and c are performed at welding speed of 150
mm/min, but the bead of Figure 3.11 bis performed using position control whereas that of
Figure3.11 cis performed using force control (with Fz = 4kN and wmax = 2.35 mm). It has
been noticed that using force control produces thicker flash, which may beattributed to
more heat generation and to the deeper plunging depth(Figure 3.11 c). Moreover, welding
with force control andplunging depth limit has generated fluctuation in the plunging force.
The fluctuation is found responsible forproducing a bead with relatively rough surface
finish as shown in Figure 3.11(c).

Table 3.2 show the physical appearance of the circular weld bead formed by regions E, F,
G, and H, which simulate the contour path that the pin tool follow to seal weld the tube-
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tubesheet joint at different levels of welding speed and type of plunge control. Test 2 that
is performed with welding speed of 150 mm/minand using position control appears to
have the best surface finish, compared to the other welds with position control,
becauseonly a small surface defect outside the overlap region of the circular weld is
observed. On the other hand, the other test conditions reveal rougher weld beads with
rougher surface finish and presence of weld discontinuities around the weld bead overlap
area.

Lack of fill

(a)
Flash

Flash

Retreating
Advancing

Overlap zone

(b)

(c)

Figure 3.11: (a) As welded using 125 mm/min with position control. (b) Bead on plate using 150
mm\min and position control, (c) Bead on plate using 150 mm\min and 4 kN force control.
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q
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for defects using optical microscopy. Vickers microhardness test is also conducted in
order to evaluate the effect of process condition on mechanical property and results are
discussed in subsection 3.3.3.

A

E

B
C

S‐0

D

Figure 3.12: Sectioning locations for macrostructure and micro-hardness analysis (bead on plate
N=1500, V=175 mm/min).

To prepare the samples for optical microscopy and micro-hardness measurements each
specimen has been mounted, grinded, polished and etched according to the following
sequence:

1. Cold mounting of the specimen to avoid aging or microstructure changing.
2. Grindingthe specimens using grinding papers of 200, 300, 400 and 600 grids.
3. Polishingthe specimens using 0.03 micron alpha alumina polish.
4. Etching the specimens using 2% hydrofluoric (HF) solution.

An optical microscopyimage has been taken for each of the weld bead cross sections
atmagnification factor of 2.5 to reveal the weld nugget and its surrounding. It is found that
the most common type of defect in almost all samples is a presence of a volumetric defect
in the form of a cavity named wormhole [56], which isformed at the retreating side of the
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weld bead as shown in Figure 3.13 for the weld beadsat welding speed of 175
mm/min,while using force control and a set depth limit. Welds produced using test # 4
conditions does not show such defect, except at the overlapping region. The preceding
type of defect may be attributed to a lack of material deposition or lack of bonding at the
retreating side. The defect seemed to start at the surface and then the material flow force it
to move down.

section B
section A
Figure 3.13: Macrostructure using 2.5X magnification factor, for welds produced using 175 mm/min
welding speed with force control with depth limit.

3.3.3.2 The effects of pin tool path, welding speed and plunging control on the weld bead
quality.In this section, the effect of pin-tool path during friction stir welding is evaluated
by comparing the weld bead quality of a straight cross-section (represented by sections A
and C) and a weld bead cross-section taken at contour or circular path (represented by
sections B and E). Figure 3.14 shows the cross sections of the weld beads at the straight
path location A for welding at speeds of 125, 150, 175, and 200 mm/min, which are
performed for both position control and force control at a given set plunging depth
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conditions. The figure shows lack of cavity or wormhole in the weld nuggets performed at
all speeds with position control, except for a very small discontinuity in the nugget
welded at 200 mm/min. On the other hand, the cross sections of the nuggets weldedusing
force control and at 125 and 150 mm/mindid not develop wormhole defect, whereas the
one welded at 175 and 200 mm/min showed large cavity in the trailing side of the bead.
The formed defectsare due to low material temperature as at the starting of the process, as
later,the defect size reduces (Figure 3.16).

Figure 3.15 shows the cross sections of the weld beads at location B, which is the center
of the semicircular path of the pin-tool, when welding at speeds of 125, 150, 175, and 200
mm/minusing both position control and force control at a given set plunging depth
conditions. All weld bead cross sections in the figure show a wormhole discontinuity,
which indicate that welding along circular path has given an inferior weld quality than
when welding along straight path. This difference between the results of the nuggets at
Section A and that of Section B can be attributed to the fact that the direction of the
welding speed was in the +x axis direction at Section A, whereas that of Section B was in
the +y axis direction. In conclusion, the weld quality appears to be affected by the
direction of the tool path. On the other hand, it was noticed that the defect size showed
some relation to welding speed while using position control method, as the higher the
welding speed the larger the void size. From macrostructure analysis the defect size was
measured for welds performed using position control and the indicated observation was
enforced with measured values as shown in Table 3.3.
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Figure 3.16 shows the cross sections of the weld beads at location C, which falls in a
straight path of the pin-tool in a direction opposite to that of Section A (i.e. in –x axis
direction), when welding at speeds of 125, 150, 175, and 200 mm/minusing both position
control and force control at a given set plunging depth conditions. All weld bead cross
sections in the figure show a wormhole discontinuity, except for weld beads made at
welding speed of 125, 175 and 150 mm/min using force control.

Defect size was also measured here for beads performed using position control at section
C and results also showed direct relation between welding speed and defect size.

Figure 3.17 shows the cross sections of the weld beads at location E, which falls within
the circular contour simulating the seal welding of tube-tubesheet joint when welding at
speeds of 125, 150, 175, and 200 mm/minusing both position control and force control at
a given set plunging depth conditions. All weld bead cross sections in the figure show a
wormhole discontinuity, except for weld beads made welding speed of 125,150, and 175
mm/min using force control. Also, the speed effect on defect size was noticed.

Figure 3.18 shows the cross sections of the weld beads at location D, which falls in the
overlap zone of the circular path when seal welding tube-tubesheet joint presenting welds
at speeds of 125, 150, 175, and 200 mm/minusing both position control and force control
at a given set plunging depth conditions. Though all weld bead cross sections in the figure
show a wormhole discontinuity,welds produced using force control showed better
material consolidation at the retreating side and qualitatively smaller voids when
compared to position control as illustrated in Table 3.3.
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Figure 3.14: Macrostructure of friction stir welding using different welding speeds, section A.
numbers indicates welding speed in mm/min, * force control.
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Figure 3.16: Macrostruccture of frictioon stir weldingg using differeent welding sp
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Figure 3.17: Macrostructure of friction stir welding using different welding speeds, section E.
numbers indicates welding speed in mm/min, * force control.
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Figure 3.18: Macrostructure of friction stir welding using different welding speeds, section D.
numbers indicates welding speed in mm/min, * force control.
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The overlap zone is found defected at all investigated welding conditions. To understand
the defect generation or growth, section (S-0) (Figure 3.19 a,) has been taken at the
beginning of the overlapping region, (partially overlapped)and it has been compared to
sections E (before overlap) and D (complete overlap). This analysis is applied on bead
performed at a welding speed of 150 mm/minand position control. By tracing the defect,
one can see that the defect size at the linear part (1) before entering the circular motion,
and section E (Figure 3.19 b) are equivalent in size. But at the beginning of the overlap
(3) a greater defect isformed, and also material bonding at retreating side (RS) is found to
be defected as shown in Figure 3.19 c.

Table 3.3: Measured defect size at sections B and C for different welding speeds.

Defect size [mm2]
Welding speed Section B Section C Section C*

*

150 mm/min

0.0409

0.0240

0

175 mm/min

0.0732

0.0399

0

200 mm/min

0.0874

0.0579

0.0166

Force control
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Hardness profile across section C is presented here, while other measured hardness scale
across the rest of the sections have been averaged and presented in Table 3.4. Results
(Table 3.4) showed that increasing the welding speed would increase the average hardness
in a range of 4-14 on HV scale. On the other hand, comparing hardness values of the
welds produced using position control to ones at force control it can be seen that for cross
sections made locations B, C, E, and D the force control weldments have relatively lower
hardness than those of the position control with an average of 5.5 HV. Furthermore, it is
not possible to conclude the effect of the type of control on the hardness values of Section
A. This is attributed to the fact that Section A is at the beginning of welding path where
steady state conditions are not fully developed. Moreover, for the same welding
conditions average hardness varied between sections. This is expected due to workpiece
temperature variation during the process.

Table 3.4: Average hardness across weld nugget.

Average Hardness (Hv)
at Cross Section
Welding Speed
(m/min)
125 *
150
150 *
175
175 *
200
200 *
* force control.

A

B

C

E

D

77.3
89.1
83.5
89.22
92.38
97.8
-

73.6
87.8
80.8
86.3
85
93.6
80.1

81.9
85.6
77.7
87.2
80.3
91
85.7

76.6
81.3
73.6
84.3
80.7
88.9
87.8

76.3
81.8
78.3
84.1
78.6
91.7
85
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Fiigure 3.21 illustrates
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hardness profiles for weelds produceed using poosition contrrol at
sppeeds of 150
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Fiigure 3.22 illlustrates harrdness profiles for weldds produced using force control at sppeeds
off 150, 175, and 200 mm
m/min of Seection C. It was found that
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weldingg at 150 andd 175
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mm/min
presented similaar scale of hardness.
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Att speed of 200
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3.3.3.4 Forcees and torquue of the preeliminary FSW
F
using bead
b
on platte.In this secction,
reecorded forcces and torquue at differeent welding conditions are analyzeed and comppared.
Taable 3.5 sum
mmarizes thee average reccorded axiall, traverse annd crossfeed loads in adddition
too torque meaasured duringg welding off sector D (F
Figure 3.10).

Table 3.55: Average reccorded forces and torques over
o
sector D.

Load
L
FZ [N]
FT [N]
FC [N]
Mz [N.m]

125
3070
766
68.5
7.04

Welding Speed (mm/min) (*forcce controlled)
1225*
1500
150*
175
175*
200
23779.3
2850
2529.77 2974.6 2491.5 3140.6
3
4338.8
6977
649.3
722.2
644.9
806.2
-1333.7
59.66
-171.77
50
-137.3
29.6
8.64
8.444
9.14
8.64
8.34
8.44

200*
29916.2
8225.8
-773.8
9
9.04
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The measured values showthat the average axial load has increased as a result of
increasing the welding speed.Similar observation applied to measured traverses
force.Similar observations on the effect of welding speed on tool reaction loads also have
beenreportedin [39, 45, 47, 49-52]. On the other hand, crossfeed force and torque do not
show clear relationships to welding speed though it is expected to find a direct relation
between them. The above observation applies to welds performed using position control.
Comparison between measured loads during force control welding and position control
(Table 3.5) show that the crossfeed force is always higher and in opposite direction when
force control is used. By correlating the measured crossfeed force to weld quality it has
been found that the greater the crossfeed force the better the weld quality be.

Figure 3.23 and 3.24 present recorded forces and torque during plunging and welding
phases at welding speed of 175 mm/min using position and force controls, respectively.
The maximum plunging force is found to be around 9.5 kN. As it has seen by comparing
Figures 3.23 with Figure 3.24, the plunging depth limit during welding with force control
created fluctuation in the plunging force, and this variation is responsible for tool shoulder
marks shown previously in Figure 3.11 c. Also, recorded data (Figure 3.23 and 3.24)
show that in the overlap zone, both axial and traverse loads have a large drop which is a
normal result of material softening.
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3.3.3.5 Conclusions from the preliminary test result.The main aim of the preliminary
investigation was to study the effect of welding speed and plunging method on the
welding quality, based on (a) surface finish using visual inspection, (b) defects observed
in optical images of nugget cross sections, and (c) measuring and evaluating microhardness across the welding zone. From the preliminary investigation, the following
conclusions have been drawn:

1) Force control can generate defect free joint but with a lower microhardness scale
at low and moderated speeds, compared to joints produced using position control.
2) Force control with plunging depth limit created fluctuation in forging force which
formed deep tool marks on the weld surface as was shown in Figure 3.23 and
3.11c.
3) In order to use force control with depth limit, the depth limit has to be small in
order to avoid surface waviness, and force control has to be applied while using
high welding speeds.
4) In contour welding process, parameters have to be adjusted during welding. Force
control show even no defect or smaller defects as compared to position control.
5) In overlapping zone, welding speed and plunging conditions have to be adjusted
to avoid defect formation.
6) For tube-tubesheet seal welding, the following conditions have to be applied:
a. The tube has to be at the advancing side, in order to avoid formation of
defects at tube side (leakage), moreover, formation of flash is going to be
in the tubesheet, so it can be easily removed.
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b. Welding can be performed using position control, but at the overlap area
force control has to be applied in addition to a reduction in welding speed.
3.3.4 Tube-tubesheet friction stir seal welding

3.3.4.1 Welding conditions.The method developed by Shuaib et al in NSTIP project #
080ADV66-04 [99] and which has been described in section 3.3 for Friction Stir Seal
Welding of tube-tubesheet joint has been used to perform tube-tubesheet seal welding on
the test blocks shown in Figure 3.4. The experimental results of this subsection will be
used to validate the results of the Finite Element Analysis in chapter four.

As it has been noticed during the bead on plate preliminary tests (subsection 3.3.3), using
force control with plunging depth limit has a great effect on surface finish; the plunging
depth limit has to be small in order to avoid large fluctuation in plunging force. On the
other hand, force control method seemed to be more promising in minimizing void
formation. Plunging depth limit equals to pin length plus over plunging depth; the latter
depends on tool design. As an example; scrolled shoulder tools are operated with only 0.1
to 0.25 mm of the tool in contact with the workpiece; any additional workpiece contact
will produce significant amounts of flash. Moreover, ASME boiler and pressure vessel
code limited the flash thickness to less than 0.6 mm measured at the lip for aluminum
tube-tubesheet seal welding [1]. In this experimental investigation, different welding
speeds (Table 3.6) have been usedfor tube-tubesheet seal welding.All welds have been
performed using force control of 4.2 kN; this value is selected based on recorded axial
load during welding with position control. Figure 3.25 presents recorded axial load (Fz)
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during welding at N=1500 rpm, and V= 175 mm/min. It has been mentioned earlier in the
preliminary test that the material at the overlap zone has different mechanical
characteristic than the unprocessed material, and the same case applies on tube-tubesheet
seal welding as the plunging force has dropped from an average value of 4.2 kN during
the seal welding to minimum force of 2.8 kN in the overlap region.

Table 3.6: Summary of welding conditions.

Test No.
1
2
3
4

Tool Rotational Speed
N [RPM]
1500
1500
1500
1500

Tool welding speed
V [mm/min]
125
150
175
200

3.3.4.2 Data collection and analysis. Measuring spindle torque serves two purposes; it
helps to determine energy consumed during welding and helps to estimate tool-workpiece
frictional contact coefficient. Both are used to feed and calibrate proposed finite element
models. Torque measurement during FS seal welding of the 6-series aluminum tubetubesheet joint at pin tool rotational speed N=1500 rpm and cutting speed V=175 mm/min
is shown in Figure 3.26. The average recorded torque of the steady state seal welding
portion of the joint are summarized in Table 3.7 for the rest of welding conditions. The
data shown in Table 3.6 indicates that the average torque is inversely related to welding
speed, and this is attributed to the increase of processed material temperature at lower
welding speeds.
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Table 3.7: average recorded torque and estimated power, heat flux and coefficient of friction.

Test # Mz [N.m]

Fz[N]

P [kW]

q [W/mm2]

µ

1

9.021

4008

1.416

40.55

0.623709

2

9.083

4041

1.427

40.82

0.622867

3

8.679

4138

1.362

39.01

0.581211

4

8.537

4157

1.347

38.37

0.569089

Friction coefficient is estimated by equating analytically estimated heat generation (3.1)
during FSW [69] to calculated one using measured torque (3.2). In both equations
experimentally measured torque and axial load are used.

2

(3.1)

(3.2)

From Equations (3.1) and (3.2)

(3.3)

The estimated value of the coefficient of friction is used later to define contact model
parameters in flow based FSW finite element models (see chapter 5 and 6). The values of
the coefficient of friction obtained by the above formula fall within the values reported in
the literature [80, 81]; with an average of 0.58.
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The mechanical efficiencyηis assumed to be 90%, while the axial force and spindle
torque, which are obtained from the experimental data collected during seal welding
using tool rotation N of 1500 rpm and welding speed V of 175 mm/min are substituted in
Equation (3.3) to estimate the coefficient of friction. The variation of estimated contact
coefficient of friction during welding is plotted in Figure 3.27. It can be noticed from the
figure that the coefficient of friction increases with time. This behavior is attributed to the
temperature rise of the material being welded with time, and it is supported by
temperature measurements as shown in Figure 3.28, where the measured temperature at
the second pass show a higher temperature compared to the first pass at T2.
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Figure 3.27: Coefficient of friction estimated using Equation 3.3; V=175 mm/min.

98

Four different locations are selected to measure the tube-tubesheet joint temperature
during FSW. The points of temperature measurements have been identified earlier in
Figure 3.4. Temperature measurement is carried out for validating the developed finite
element model in chapter four, and to experimentally evaluate the maximum temperature
near tube-tubesheet expanded joint. Reported temperature measurements are collected
during FSW at the central joint using test # 5 conditions (N=1500 rpm, V=175 mm/min).
The maximum temperature recorded found to be less than 100 ºC, noting that this
temperature is measured within 2 mm from the tool pin tip. Figure 3.28 presents measured
temperature at four different locations, two thermocouples measure the temperature close
to welding tool (T2, T3) and the other two (T1, T4) measure the temperature away from
the FSW tool. From the measured temperaturesone can see that the maximum developed
temperature at the ligament (T3) is slightly higher than the ones developed under the tool
pin (T2), which indicates that energy produced by the tool shoulder is higher.Photograph
of workpiece with thermocouples attached is shown in Figure 3.29.
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Figure 3.28: Measured temperature during FSW using N=1500 rpm, and V=175 mm/min.
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Figure 3.29: Photograph of workpiece with attached thermocouples.

3.3.4.3 Evaluation of tube-tubesheet seal weld quality.Figure3.30shows a sample of as
welded tube-tubesheet seal welds performed at different welding speeds, before removing
the flash and the plugs. The flash formed during friction stir welding has to be removed
before the visual inspection. Flash removal can be performed manually by filing or by
removing a thin layer of material from the surface by machining.

Machining also

removes the tool shoulder marks which can enhance joint fatigue life [44]. If machineing
process is going to be used, an allowance for the reduction in tubesheet thickness should
be considered during the design phase of the heat exchanger tubesheet. Figure 3.31 shows
seal welded tube-tubesheet joints with flash removed by filing and by machining together
with un-welded tube-tubesheet joint.Machining has been performed on a milling machine
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for a 0.2 mm depth only. The exit hole mark, which is a characteristic FSW feature,
appears also on the tubesheets.

Each welded joint has been examined visually for surface cracks or defects. Although no
clear surface defects have been found in all performed welds, it appears that welding
speed has an effect on the surface finish of the weld beads. Moreover, it has been noticed
that increasing welding speed leads to lower tool over plunging depth and thus thinner
flash is formed.

125 mm/min

150 mm/min

175 mm/min

200 mm/min

Figure 3.30: Tube-tubesheet seal welds performed at different welding speeds.
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Table 3.8: Variation of defect size with respect to welding speed.

Welding speed
[mm/min]
Defect size
[mm2]

125

150

175

200

0.0029

0.0714

0.0441

0.1204

In the tube-tubesheet seal welding two parts (tube and tubesheet) are welded and
consolidated. The closest representation of tube-tubesheet welding performed in this
investigation is the butt weld. Root defects are usually discussed in butt joints [44, 45, and
48]; such defect is formed when tool pin length is not equivalent to plate thickness, or
when the tool is offset from the joint line. In seal welding, root defect has less importance,
as root defect affects mainly joint strength and fatigue performance.

In tube-tubesheet seal welding the tubes are rolled on tubesheet where both parts are in
perfect contact, but as a result of sectioning residual stress due to rolling are released and
the contact line can be visible. The effect of tool offset is shown here to indicate its effect
on the produced weld. Figures 3.33 and 3.34 present defect formed at the overlapping
zone for all investigated welding speeds, and tube-tubesheet contact line for different tool
offset, respectively. It can be seen from Figure 3.34 that the smaller the tool offset the
better the welding joint.

The defects shown in Figure 3.33 are found in the cross sections of the seal welded bead
at the overlap zone corresponding to Section A-A in Figure 3.32. On the other hand, no
void defects have been detected in Section B-B of Figure 3.32 except at the welding speed
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of 200 mm/min (Figure 3.35). The defect formation at 200 mm/min is attributed to lower
plunging force; at such high speed the plunging force must be larger than the one used
(4200 N), because it is noticed that the average tool plunging depth during seal welding
(1.624 mm) issmaller than the targeted one (1.75 mm).

(a)

(b)

(c)

(d)

Figure 3.33: Macrostructure of produced joints, section A, presenting the defect formed at different
welding speeds (a) V=125, (b) V=150, (c) V=175 and (d) V=200 mm/min.
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(a)

(b)

(c)

(d)

Figure 3.34: effect of tool offset on performed joint (a) tool offset of 0.51 mm, (b) tool offset of 0.74
mm, (c) tool offset of 0.84 mm, and (d) tool offset of 1 mm, and at welding speed of 175 mm/min.
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(a)

(b)

(c)

(d)
Figure 3.35: Overview of welding zone section B at (aa) 125, (b) 1500, (c) 175, and (d)200 mm/m
min.
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The evaluation of the seal weld qualities from the optical images of their cross sections
has been conducted at three different locations as indicated in Figure 3.32. Zone C is only
sectioned to visualize the welding zones at the ligament. Figure 3.36 presents the optical
images for the cross sections of two adjacent tube-tubesheet seal welds performed using
welding speed of 175 mm/min and position control.

Figure 3.36: Macrostructure of two adjacent welds (ligament).

Material flow lines have been revealed in the weld nugget. In this investigation the tube
material is not similar to tubesheet as it has been indicated in subsection 3.2.2 and the
flow lines present the mixing of tube material with tubesheet. The tube material is visible
as a dark color under the optical microscope while the tubesheet is lighter. The flow lines
show the material path as it starts at the top, and then flow under the tool pin. Figure 3.37
presents the material flow lines for tube-tubesheet seal joint performed at 175 mm/min.
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3.4 Summary

In this chapter seal welding of tube-tubesheet joints of 6 series Aluminum alloy have been
performed on specially designed test blocks on an experimental FSW setup developed by
Shuaib et al in NSTIP 08-ADV66-04 project [99]. The experimental work results will be
used for calibrating and validating developed FEM discussed in the following chapters. In
this study welding speed and plunging control method effects have been investigated first
using bead on plate tests using both position control and force control. It has been found
that force control show less defects, but thicker flash. Moreover, at the initial stage of
welding, it is noticed that position control has to be used; otherwise, defects will be
generated. Furthermore, during seal welding the overlap zone may include volumetric
defects which may be eliminated by welding with force control and at low welding speed
as it has been shown in Figure 3.33. The results and observation from the preliminary
analysis have helped in selecting the welding parameters for tube-tubesheet seal welding.
The results of the seal welding performed using force control have been presented.It has
been found that to avoid thick flash formation, smaller over plunging depth limits has to
be specified. Results indicated that using plunging force of 4.2 kN, and welding speed
range between 125 and 175 mm/min can produce sound welds, and in order to have
equivalent quality for higher welding speeds, plunging force limit has to be increased.

On the calibration and validation level, the experimentally measured data like torque and
forces are used to measure power consumed and estimate coefficient of friction between
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the tool and workpiece. Moreover, they are used to validate estimated numerically tool
reaction forces and torque. Also during seal welding of tube-tubesheet joint, temperature
is measured in order to study the temperature rise along tubesheet thickness and
investigate how far the temperature may affect the expanded joint. The results show that
the temperature rise across the tubesheet thickness is less than material annealing
temperature. Thus, relaxation of expanded joint due to annealing is not expected.

CHAPTER FOUR

THERMO-MECHANICAL NON-FLOW BASED FEM OF
FSW OF TUBE-TUBESHEET JOINT

Three dimensional thermo-mechanical finite element model is developed to estimate the
temperature distribution and developed thermal stresses in the tube-tubesheet mock-up
during FSW. The results can be used to assess the FSW process conditions on the
relaxation of the roller expanded tube-tubesheet joints.

4.1 Problem Idealization and Assumptions

The FSW is a thermo-mechanical process, where heat is generated as a result of frictional
contact between the tool and the workpiece, as well as due to plastic deformation. The
main objective of the present model is to estimate the temperature distribution, the
thermal history and the generated stresses resulting from developed temperature gradient
and FSW tool axial load.
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In this chapter, the FE model simulates the thermal effect of FSW process as applies to
tube-tubesheet seal welding, without taking into account the metal flow, and material
spinning around the FSW tool. The model is implemented by coupled thermal and
structural analysis using the commercial FEA software Abaqus 6.4-1 [104]. The model
considers the thermal effect of the FSW process, by applying the heat generation due to
tool workpiece interaction as a moving heat source. Also it considers the tool forging
load. The heat input estimation is calculated using two methods: the first is based on
analytical formulation developed by Schmidt et al. [69] using Equation (2.9) and the
second is based on experimental torque measurement and power calculation using
Equation (2.3).
Schmidt et al. [69] formula of heat generation includes heat generated by tool shoulder,
pin, and pin tip. For the case under investigation and using MTI tool dimensions, the
fraction of heat generation by tool shoulder to the total generated heat is found to be
93.3% while only 6.7 % is generated by the tool pin and pin tip. Moreover, the ratio
between the tool pin length and tubesheet thickness is very small (1.5/25.4 = 0.06). Thus
the generated heat at the tool pin can be added to the one by tool shoulder and both can be
applied as surface heat flux.
The heat developed at the tool-workpiece interface flows into both the tool and the
workpiece. Because the FSW tool is not included in the numerical model, the fraction of
heat transfer to the workpiece is estimated using an analytical expression derived by
Bastier et al. [80]. The formula is based on one-dimensional steady-state heat transfer
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from a point heat source located at the interface of dissimilar metals (Eq. 2.12), and it is a
function of thermal properties of material in contact (Equation (4.1)).

0.640 @ 25°
0.704@ 600 °

(4.1)

where f represent the fraction, J is the dissipated energy, k material thermal conductivity,
ρ material density, Cp material specific heat, and subscripts T and W indicates tool
material and workpiece, respectively.
The value of f is evaluated based on Al 6061 workpiece and AISI H13 tool steel thermal
properties at both room temperature and average workpiece solidus temperature of 600
°C, respectively. Thermal properties can be found in Tables 4.1 and 4.3.
The tool welding speed is simulated by moving the heat source at a velocity equals to the
physical tool welding speed and controlled through the step time increment. In the same
way the tool axial load is applied as a moving distributed pressure. Both heat source and
tool axial load are implemented in the FEM using user subroutines available in Abaqus
library “DFLUX” and “DLOAD”, respectively.
The FSW process and the tube-tubesheet joint geometry have no symmetry, thus a three
dimensional geometric model is adopted. The material model considers temperature
dependent mechanical and thermal properties. Mechanical contact and thermal gap
conductance between tube-tubesheet and tube-plug are ignored and nodes at contact
surfaces are merged. The model includes free convective and radiative heat transfer from
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free surfaces, while heat conduction to backing plate is replaced by equivalent convective
heat transfer. Idealization of the tool-workpiece interaction and heat transfer to
surrounding are presented in Figure 4.1.

Conduction (tool)
Convection (atm)

Natural
convection

Backing plate
Conduction
(plate)

Equivalent convection

Figure 4.1: Schematic diagram illustrating idealization of tool workpiece interaction.

4.2 Geometric Model

For validation purposes, the geometric model dimensions are equal to the ones of tube
tubesheet mock-up defined in Figure 3.4 (subsection 3.2.1). The geometric model also
includes three parts; tube, tubesheet and tube plug. The three parts are generated as three
dimensional (3D) deformable bodies, and small details like filets and chamfers are
ignored to simplify meshing process. Moreover, contact between the parts is ignored for
simplicity and in order to reduce the computational time. The geometric parts are
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model is based on experimentally evaluated mechanical properties of Al-6061-T6
reported in the literature [83]. These data are used with the material model in Abaqus in
the form of data points, and the software internally linearly interpolates or extrapolates as
necessary. Material properties of the tube-tubesheet entered into FE software are
presented in Table 4.1.
Table 4.1: Mechanical and thermal properties of AL6061-T6 [83].

T ( ̊C)

E (GPa)

ν

σo(MPa)

σ0.8(MPa)

k
(W/m. ̊C)

25

66.94

0.33

278.12

415

162

945

2690

Thermal
Expansion
α µm/m°C
23.5

177

978

2690

24.6

cp
(J/kg. ̊C)

Density
ρ
kg/m3

100

63.21

0.334

260.68

390

149

61.32

0.335

251.24

-

184

1000

2670

25.7

204

56.8

0.336

221.01

325

192

1030

2660

26.6

260

51.15

0.338

152.26

-

201

1052

2660

27.6

316

47.17

0.36

73.87

110

207

1080

2630

28.5

371

43.51

0.4

36.84

-

217

1100

2630

29.6

427

28.77

0.41

21.58

30

223

1130

2600

30.7

482

20.2

0.42

10.49

10.5

220.14

1276

-

-

4.3.2 Tube plug and FSW tool material properties
In the experimental investigation, tube plug is manufactured from 4140 normalized steel;
as the steel is much harder than aluminum, and the melting temperature is also much
higher, only elastic properties are considered and assumed to be temperature independent,
while thermal properties are considered as temperature dependent.
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Though the friction stir welding tool is not included directly in the finite element model,
but it’s the thermal properties has a direct effect on the amount of surface heat flux, as
previously shown in Equation (4.1). The tool thermal properties affect the transmissibility
of heat at the tool-workpiece interface.
The mechanical and thermal properties of tube plug as well as thermal properties of the
FSW tool (AISI H13) are presented in Tables 4.2 and 4.3, respectively.
Table 4.2: Mechanical and thermal properties of AISI 4140 steel, [105,106].

T ( ̊C)

k (W/m. ̊C)

cp (J/kg. ̊C)

α µm/m-°C

25-100

42.7

-

12.2

100-200

42.3

473

-

200-400

37.7

519

13.7

400-600

33.1

561

Other properties
Modulus of elasticity E
(GPa)
210
Poison ratio ν
0.3
Density ρ kg/m3
7865

14.6

Table 4.3: Thermal properties of AISI H13 tool steel [105].

T ( ̊C)

ρ (kg/m3)

cp (J/kg. ̊C)

k (W/m. ̊C)

25

7760

460

-

399

7670

550

29

599

7580

590

30
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4.4 Loads and Boundary Conditions

4.4.1 Applied loads
As mentioned earlier, the tool-workpiece interaction is replaced by surface heat flux, and
distributed axial pressure. Surface heat flux represents the thermal action developed as a
result of frictional contact between the tool and the workpiece matrix, while axial
distributed pressure replaces the tool shoulder forging load. The movements of the heat
source and tool axial pressure are implemented in the thermo-mechanical model using
available subroutines in Abaqus library, namely DFLUX and DLOAD, respectively. The
tool welding speed is simulated by changing the location of the load at each time
increment (∆t); welding speed equals to ∆s/∆t, where ∆s is the change in tool location.
Surface heat flux q is calculated using Equation (4.2) which is a reduced form of
Equation (2.9) [70], assuming zero slip factor δ, and calculated using average
experimentally recorded axial load and estimated frictional coefficient µ (subsection
3.3.4).
2

(4.2)

4.4.2 Boundary conditions

Natural convective and radiation heat transfers to the ambient are considered as thermal
boundary conditions on all free surfaces, while conduction to backing plate is applied
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using an equivalent convective heat transfer. Heat conducted to the FSW tool is indirectly
considered during calculation of heat flux (Equation (4.1)). Natural convective heat
transfer coefficient h of air ranges between 5 and 25 Wm-2K-1. The spindle rotation
generates turbulence adjacent to the workpiece, so the upper limit of convective
coefficient of 25 Wm-2K-1 is selected; other studies [84] opted for the average value of h
10 Wm-2K-1. On the other hand, the equivalent conductive heat transfer (fixtures or
backing plate) coefficient he has been reported in [58, 83, 84] and it varies between 250 to
1000 W/(m2.K). In this model an upper limit of he (1000 Wm-2K-1) has been used.
Equivalent conduction to backing plate is only considered for FEM validation, as in real
case, the back side of tubesheet will be exposed to natural convection.
Mechanically, the solid model is constrained from all sides using clamped (Ux,Uy, and
Uz =zero) boundary conditions; while the workpiece bottom surface is only constrained
in its normal direction. The thermal boundary conditions are summarized in Table 4.4,
and Figure 4.3 illustrates the applied loads and boundary conditions on the geometric
model.
Table 4.4: summary of thermal loads and boundary conditions.

To [K]

h[W/m2K]

heq [W/m2K]

Emissivity (ε)[105]

q [W/m2]

298

25

1000

0.021

Equation (4.2)

A
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Figure 4.3: Loads and boundary conditions.
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4.5 Meshing

Three dimensional 8 node brick elements are used to mesh the geometric model. The
edges are seeded manually and the element size at tube circumference is selected to be
0.001 m, while the size of elements at the tubesheet edges is selected to be 0.005 m. Finer
mesh at the loaded surface is produced by using biased seeding technique along the
tubesheet thickness. The biased ratio is 20, and 15 elements are generated along the edge.
Meshing controls are set to sweep technique and advancing front algorithm. The
generated model has 22,100 elements and 25,289 nodes with 101,156 degrees of freedom.
Figure 4.4 (a and b) present the seeded and meshed geometric model, respectively. For the
validation of the thermal model using experimentally measured temperatures, a linear 8
node heat transfer element has been used (DC3D8), with default element control settings.
On the other hand, the thermo-mechanical model is meshed using coupled temperaturedisplacement linear 8 node elements (C3D8RT) with reduced integration. This element
has 4 degrees of freedom at each node.
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(a)

(b)

Figure 4.4: 3D Finite elem
ment model (aa) Seeded geom
metry, and (b)) Meshed geom
metry with brrick
elements..
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4.6 Finite Element Analysis Validation

The thermal model is validated using experimental measured temperatures at different
locations (subsection 3.3.4). The temperature measured at the center of the tubesheet
ligament is used for FEM validation. The ambient temperature is taken as that of lab
temperature during the welding process, which was 18.25 ºC. The applied surface heat
flux is calculated based on measured spindle speed and torque using Equation (4.3)
below, rather than axial load and friction contact (Equation (4.2)).

(4.3)

where η is the mechanical efficiency and it is assumed to be 1.
Figure 4.5 presents the calculated heat flux using Equation (4.3), and a basic fit of the data
using 3rd order polynomial. Also, the figure shows the tool location by index value (cos θ)
presenting the tool orbital motion.
A comparison between experimentally measured temperature and estimated ones using
the proposed FEM is shown in Figure 4.6. It is clear that the FEM is able to provide an
excellent estimation of temperature history at the center of the ligament within acceptable
margin of error. On the other hand, the model is found to be underestimating the
temperature at location far from the processed zone with an error exceeding 20% (Table
4.5). This is mainly due to applied thermal boundary conditions, where an average value
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of emissivity and convective and equivalent conductive heat transfer coefficients are used.
While the actual boundary conditions during welding are expected to be different.
Comparison between the maximum predicted temperatures and measured ones at other
locations are summarized in Table 4.5.

8.00E+07

1

7.00E+07

Heat Flux [W/m2K]

6.00E+07

0.5

5.00E+07
4.00E+07

0

3.00E+07
2.00E+07

‐0.5

1.00E+07
0.00E+00

‐1
0

10

20

30

40

50

Time [sec]
Heat Flux (eq 4.3)

tool location index

basic fit (Heat flux)

Figure 4.5: Calculated heat flux based on experimentally measured torque (Equation (4.3)) and tool
location index.
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Figure 4.6: Comparison between experimentally measured and finite element estimated temperature
history.

Table 4.5: Comparison between maximum measured and estimated temperatures.

Location
T1
T2
T3
T4

Max. Measured
Temp. [ºC]
57
92
96.5
56.9

Max. Estimated
Temp. [ºC]
42
98
95.4
44

Error%
-26.3
6.5
-1.2
-22.6
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4.7 Results and Discussion

The model is used to predict developed temperature and residual stresses during FSW of
tube-tubesheet joint for the same welding condition used in the experimental test # 5
(N=1500 rpm, V=175 mm/min, F=4200 N). Input heat flux has been calculated using
Equation (4.2) and is found to be in the order of 107 kWm-2, this flux is concentrated in a
small area equal to the tool shoulder size. The contour plots shown in the following
subsections are based on x-plane and y-plane view cuts described in Figure 4.3.
4.7.1 Estimated temperature and stress distribution
Figure 4.7 a and b illustrates the temperature distribution across the tubesheet thickness
(section A-A) at the beginning and at the end of the FS seal welding of tube-tubesheet
joint, respectively. The results show that the temperature at the end of welding is about 10
degrees higher than that at the beginning, which closely matches experimentally measured
temperature (Figure 3.28), while the maximum temperature is around 320 ºC.
During welding process, negative radial stresses are developed, thus having tube support
(plug) is necessary to avoid tube cave in. The maximum estimated radial stress is found to
be 366 MPa, while the maximum radial stress developed along the tubesheet thickness is
around 230 MPa. The developed radial stresses are expected to be due to tool axial load.
Estimated radial stress distribution at seal welding end location, and tubesheet ligament
are shown in Figures 4.8 (a and b), respectively.
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(a)

Tubesheet ligament
Tube

(b)
Figure 4.8: Estimated radial stress distribution at the end of the welding process, (a) section A-A ,
(b)across the ligament section B-B
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The temperature and radial stress variation through the tubesheet thickness are illustrated
in Figure 4.9. It can be seen that beyond the processed zone the maximum temperature
remains below 150 ºC. Knowing that the annealing temperature of Al-6061-T6 is 412 ºC
thus the unprocessed area of the tube-tubesheet will not go through annealing phases
keeping the roller expanded joint unaffected due to annealing. From Figure 4.9 it can be
seen also that the temperature gradient decreases along the tubesheet thickness (slope of
temperature curve), and this is reflected on the developed stress.
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Figure 4.9: Maximum estimated temperature and radial stress across tubesheet thickness.
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4.7.2 Estimated residual stresses
One of the proposed model objectives is to estimate the developed residual stresses after
the welding processes across the tubesheet thickness and along the tube-tubesheet
interface. Figure 4.10 presents the contours of the developed radial residual stresses and
Figure 4.11 illustrates the variation of von Mises and radial stresses through the tubesheet
thickness. The average von Mises stress is found to be around 46 MPa, and the maximum
is 78 MPa. The estimated temperature increase indicates that the tube-tubesheet will not
go through annealing while results show that negative radial residual stresses develop in
tube and tubesheet, and it is believed that it may enhance the contact stress and the joint
integrity. The developed FEM does not consider the contact between the tube and
tubesheet, and in order to evaluate the effect of thermo-mechanical stresses on joint
integrity, the developed residual stresses are subtracted from estimated tube-tubesheet
contact stress. Contact stress estimation is calculated based on Al-Aboodi [107] results.
The author evaluated the radial contact stress of roller expanded steel tube in steel
tubesheet using axisymmetric FEM, noting that for both current study and Al-Aboodi the
tube-tubesheet dimensions are equivalent, and by considering the work by Yoklell
[108],where it is shown that the radial contact stress is directly related to material yield
stress. A simple correlation has been used to evaluate the state of contact stress before
FSW of tube-tubesheet joint for the Al-6061-T6 and it is shown in Equation (4.4).

(4.4)
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The considered material yield stress in FEM is 248 MPa [107], and it is reported that the
contact stress is 60 MPa for initial tube-tubesheet clearance of 0.01 in. In the current study
the yield stress at room temperature for Al-6061-T6 is shown in Table 4.1 and it is 278
MPa. Thus, the expected contact stress using Equation (4.4) is around 67 MPa.
Figure 4.12 presents the radial contact stress, the developed thermo-mechanical residual
stresses evaluated by the proposed model, and the estimated contact stress after welding.
It can be seen that the estimated contact stress has increased, which means the tubetubesheet are in better contact. The average increase of tube-tubesheet contact is found to
be around 57%. Higher stresses developed at the tubesheet bottom surface are due to
fixture release simulation, as the support at the bottom surface is not removed during
simulation due to convergence problems. Thus, residual stresses are expected to be close
to those developed at the middle of tubesheet, which have been considered in calculating
the contact stress after FSW.

Figure 4.10: Estimated radial stress distribution across tubesheet ligament section B-B
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Figure 4.11: von Mises and radial residual stress distribution along the tubesheet thickness
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Figure 4.12: Estimated tube-tubesheet contact stress before and after FSW
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4.8 Conclusions

From finite element model results it is concluded that the thermo-mechanical input of
FSW process may enhance the contact stress in the expanded joint. Also the maximum
temperature developed across the tubesheet thickness is below the annealing temperature,
thus contact stresses will not relieve as a result of annealing process. Although the
maximum temperature during the process reaches a temperature higher than the ageing
temperature of Al-6061-T6 (160 ºC), changes in the microstructure are not expected
except at the processed zone, which also has been noticed experimentally (Figure 3.32 c).
The developed model does not consider material flow, thus stress developed due to
material spinning and heat generation due to plastic deformation are not included in the
current model. Developing a flow based model that includes the complete tube-tubesheet
geometric model is not applicable using Lagrangian analysis, as convergence problems
may results, so only localized model can be implemented with help of Arbitrary
Lagrangian Eulerian (ALE) remeshing, or using Coupled Eulerian Lagrangian Analysis.
Both techniques are discussed in the following chapters five and six, respectively.

CHAPTER FIVE

LOCALIZED THERMO-MECHANICAL FEM with ALE

ADAPTIVE MESHING TECHNIQUE

In this chapter, two localized Arbitrary Lagrangian Eulerian finite element models are
developed to estimate the material flow and state during FS plunging and welding. The
first model deals with plunging phase; feasible for friction stir spot welding. The second
model includes the two phases of FSW: simplified plunging, and welding.

5.1 Introduction

Friction stir welding process involves large material deformation and flow, which make it
very difficult to be simulated using Lagrangian formulation. The Arbitrary LagrangianEulerian (ALE) is a finite element formulation that is developed in an attempt to combine
the advantages of the classical Lagrangian and Eulerian kinematical descriptions while
minimizing as much as possible their respective drawbacks [109]. In the ALE description,
the nodes of the computational mesh may be moved with the continuum in normal
Lagrangian fashion, or be held fixed in Eulerian manner, or can be moved in some
136
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arbitrarily specified way to give a continuous rezoning capability (Figure 5.1). Because of
this freedom in moving the computational mesh, greater distortions of the continuum can
be handled than would be allowed by a purely Lagrangian method and with more
resolution than is offered by a purely Eulerian approach.
In this chapter, two models are developed using coupled thermo-mechanical analysis with
ALE adaptive meshing techniques. The models are built using the commercial FEA
package Abaqus 6.11-2 [13], and solved using Abaqus Explicit temperature-displacement
“Abaqus Explicit: is an explicit dynamics finite element program that provides nonlinear,
transient, and dynamic analysis of solids and structures using explicit time integration”
[110]. The objectives of the models are estimating stress distribution, plastic deformation
around the FSW tool as well as loads on the FSW tool (plunging, transverse and cross
feed forces in addition to tool torque). Moreover, they predict temperature developed, heat
generation by frictional contact, and plastic deformation. The commercial package
Abaqus is selected to analyze the models as it show great potential for simulating FSW
process [66, 84, 96-98].
As mentioned earlier, developing a global model to simulate the FSW process is very
difficult and computationally expensive. In a localized model, the geometric size has to
compromise between accuracy and computational time. Also, the geometric model
boundaries in a steady state model have to be stress free in order to correctly define
material inflow and outflow conditions [110]. The proposed models are general FSW
process models considering the developed tool for tube-tubesheet seal welding.

138

Thhe first mod
del simulatees friction sttir spot weldding (FSSW
W) process, while
w
the seecond
m
model
simulaates a simpliified FS buttt weld (the closest reprresentation of
o zero projjected
tuube-tubesheeet seal weldiing), and forr simplicity contact (or the initial gap) betweenn tube
annd tubesheett is ignored. The model is closer to presentation
p
n of bead on plate. The model
m
coonsiders thee tool used in the experimental teests for tube-tubesheet seal weldinng as
m
mentioned,
bu
ut it doesn’t include tool features, liike threads on
o the pin annd scroll oveer the
shhoulder.

Figure 5.1: One-dimensional example off Lagrangian, Eulerian and ALE mesh an
nd particle mootion
[109].

139

In this chapter, the explicit solver and ALE adaptive meshing techniques are discussed in
section two. Sections three and four discuss the developed plunging and simplified
plunging-steady state welding models, respectively. Comparison between plunging and
simplified plunging model is discussed in section four, while section five concludes this
chapter.

5.2 Solution Technique

5.2.1 Mass scaling
Explicit formulation is optimized for simulating dynamic processes with large
deformation taking place over a short time period, i.e. fractions of a second. The objective
for the present FSW model is to investigate the thermo-mechanical state established
during plunging, dwell period and eventually the welding period. Thus, the duration of
these periods lasts several seconds. To enable the explicit solver to calculate results for
such a simulation period, two solution techniques may be used, individually. First, the
simulation time can be speeded up compared to the time of the actual process; that is,
artificially reduce the time period of the event (time scaling). This method may introduce
two possible errors. If the simulation speed is increased too much, the inertia forces will
be larger and will change the predicted response, thus exhibiting wave propagation
response in an extreme case. The only way to avoid this error is to find a speed-up that is
not too large. A general recommendation is to limit the speeds in the simulation to less
than 1% of the wave speed in the metal [84]. The other error is that some aspects of the
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problem other than inertia forces may also be material rate dependent. This implies that
actual time period cannot be changed. The second technique is to artificially increase the
material density, ρ, by a factor x. The mass scale function scales the density which alters
the inertia of the system and slows down the wave propagation speed. This concept,
which is called “mass scaling,” reduces the ratio of the event time to the time for wave
propagation across an element while leaving the event time fixed, thus allowing treatment
of rate-dependent material and other behaviors while having exactly the same effect on
inertia forces as speeding up the time of simulation. The use of mass scaling is equivalent
to increasing the load rate by a factor of √ . Mass scaling is attractive because it allows
treating rate-dependent quasi-static problems efficiently. But it cannot be taken too far as
this also will allow the inertia forces to dominate and, thus, change the solution.
5.2.3 ALE adaptive meshing technique
ALE adaptive meshing is performed in domains which can be either Lagrangian or
Eulerian. ALE can be used for transient analysis problems undergoing large deformations
(i.e. tool pin submerging), or can be used as a solution technique to model steady-state
processes. In Lagrangian domain the mesh follows the material in the direction normal to
the boundary, so that the mesh covers the same material domain at all times, which gives
better surface visualization. Eulerian adaptive mesh domains are usually used to analyze
steady-state processes involving material flow (i.e. welding phase). Boundaries of an
Eulerian domain are such that material can flow into or out of them, and the mesh has to
be fixed spatially on these boundaries; mesh constraints are applied to prevent the mesh
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free surfaces while equivalent convective heat transfer is used to simulate heat conduction
to backing plate. The main goal of this model is to study the effect of tool rotational speed
on the tool force and moment and state of processed material. Moreover, the model
estimates the developed temperature and state of material (stress and strain) during and at
the end of plunging phase. Figure 5.3 presents a schematic diagram of the model
idealization.

Surfaces in potential
contact

Free
convection

Tool plunging
feed and
rotational speed

Workpiece

Figure 5.3: Idealization of plunging model.

Equivalent
conduction

5.3.1 Geometric model
A three-dimensional geometric model is adopted to simulate the plunging phase. The
model includes only the material in the vicinity of the tool ignoring the rest of the
workpiece. The reason for using a localized model is to reduce the computational time
and to have a greater mesh density in the tool near field. The workpiece geometric model
is closely represented as a solid thick disc, with a diameter equals around three times the
tool shoulder diameter (15 mm) and a thickness equals around three times the tool pin
length (6 mm). The model dimensions are selected based on reduction of computational
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Due to the large difference in strength between the FSW tool material (AISI H13 tool
steel) and the workpiece material (Al-6061-T6) tool is assumed as analytical rigid surface.
In order to assign tool physical properties such as; mass, mass moment of inertia and heat
capacitance, and to apply process conditions (tool rotational speed and plunging feed), the
tool analytical surface is constrained as rigid body to a reference point (RP). The tool
geometric model does not consider the features present on the tool used in experimental
work, and assume it to be cylindrical pin with flat shoulder (Figure 5.5).

Φ 5.22

1.6

R 0.51
Φ2
R 0.51

Figure 5.5: Analytical rigid surface geometric model of FSW tool dimensions are in mm.

5.3.2 Material model
In addition to elastic and thermal properties used to define the Al- 6061-T6 material
model in chapter four, plasticity is defined using Johnson-Cook (J-C) approach, and heat
generation due to plastic deformation is considered assuming 90% of strain energy is
converted into heat.
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J-C model is a semi-empirical formula where it provides the relationship between flow
stress, strain rate and temperature. In general, its parameters are evaluated based on
torsional tests at wide range of strain rates, dynamic Hopkinson bar test over range of
temperatures and static tensile tests [111], assuming that the slope of the flow stress curve
is independently affected by strain hardening, strain rate sensitivity and thermal softening
behaviors. Each of these sets is represented by the brackets in the constitutive equation,
respectively (Equation (5.1)).

1

where
rate,

is the yield stress,

1

the effective plastic strain,

(5.1)

the effective plastic strain

the normalizing strain rate (typically 1.0 s−1). The A, B, C, n, and m are material

constants. The parameter n takes into account the strain hardening effect, the parameter m
models the thermal softening effect, and C represents strain rate sensitivity. Tref presents
the temperature where parameters A, B and n are evaluated, while Tmelt is material solidus
temperature.
Also, J-C damage model is considered as failure criterion [112]. The J-C damage model
shows the relative effects of various parameters i.e. strain, strain rate and temperature, and
also account for path dependency by accumulating damage as the deformation proceeds.
For damage evaluation, a scalar damage parameter D is computed. D is the ratio between
plastic strain and plastic strain at failure, thus 0 value of D means no plastic deformation
has occurred, while a value of 1 indicates material failure (Equation (5.2)).
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1

1

(5.2a)

(5.2b)

where

is the fracture strain,

are material constants, and

is accumulative plastic strain, D1, D2, D3, D4, and D5
is the Cauchy stress. The above mentioned material

constants for Al-6061-T6 are illustrated in Table 5.1.

Table 5.1: Johnson-Cook plasticity and damage model data [113].

J-C (Flow stress)
Eq. 5.1
J-C (Damage)
Eq.5.2

A (MPa) B(MPa)

C

n

m

324

114

0.002 0.42 1.34

D1

D2

D3

D4

D5

-0.77

1.45

-0.47

0

1.6

Tref (°C) Tmelt (°C)
24

583

Since the tool is assumed as a rigid body only the physical properties have to be defined.
The physical properties are evaluated based on the geometric dimensions of tool-spindle
head used in the experimental investigation. The physical parameters as mentioned earlier
are mass (m), mass moment of inertia (I), and heat capacitance (C=mCp). The tool thermal
and physical properties have been given earlier in Table 4.3, and the physical parameters
used in the above discussed FE model are presented in Table 5.2.
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Table 5.2: Physical properties of FSW tool FE model.

Mass
[kg]
7.8

Mass moment of inertia
[kg.m2]
2.34

10

Capacitance
[J/ºC]
3880

5.3.3 Tool workpiece interaction model
The tool-workpiece interaction is forced using Coulomb’s and modified Coulomb’s
friction model. In the basic form of the Coulomb friction model, two contacting surfaces
can carry shear stresses up to a certain magnitude across their interface before they start
sliding relative to one another; this state is known as sticking. The Coulomb’s friction
model defines this critical shear stress, τcrit, at which sliding of the surfaces starts as a
fraction of the contact pressure p between the surfaces.
(5.4)
where µ is coefficient of friction
On the other hand, the modified Coulomb’s friction model, introduces the shear stress
limit when the contact pressure stress may become very large, causing the Coulomb
theory to provide a critical shear stress at the interface that exceeds the yield stress in the
material beneath the contact surface. A reasonable upper bound estimate for τmax is the
von Mises yield shear stress of the material adjacent to the surface or it can be determined
experimentally. Javadi and Tajdari [114] have experimentally measured the friction
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coefficient between aluminum and steel, and in their study they have reported a maximum
contact shear stress of 124 MPa, and a maximum coefficient of friction of 0.8.
Figure 5.6 shows the relation between the contact pressure and the critical shear stress. It
also illustrates the sticking and slipping regions for both Coulomb’s and modified
Coulomb’s friction model.

Figure 5.6: stick and slip regions for the Coulomb friction model and modified Coulomb friction
model, respectively [110].

The coefficient of friction µ is influenced by a number of variables, like temperature,
pressure, and slip rate. In this model, the temperature effect on µ is considered. Data for
temperature dependent friction coefficient between aluminum and steel has been reported
in [115] and presented in Table 5.3. The data show that µ is proportional to the
temperature of contacted surfaces, while other researchers such as Frigaard [82] assumed
the opposite. This shows contradiction in both studies.
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Table 5.3: Temperature dependent coefficient of friction between aluminum and steel [115].

Temperature [º C]

22

160

200

400

580

Coefficient of friction µ 0.11 0.11 0.26 0.35 0.47

In the FS process, heat is generated due to: (a) frictional contact between tool and work
piece, and (b) plastic deformation. The second source of heat is defined through the
material model, while the first heat source is defined through the contact model. During
slipping, heat is generated at the tool-workpiece contact surfaces. The heat flux due to
slipping is included assuming 100% of the frictional energy is converted into heat. Part of
that heat is conducted into the FSW tool, because the model considers the tool as an
isothermal body, fraction of heat dissipated in to the FSW tool is subtracted by defining
the fraction of heat dissipated into the slave surface in the contact model (Equation (4.1)).
Abaqus explicit has two contact formulation methods, the general contact, and surface to
surface contact. The general contact (Explicit) needs a simpler definition of contact
surfaces, and has less restriction on surface type, and requires less computational time.
The general contact method has one limitation, namely the model cannot consider
temperature dependent coefficient of friction. On the other hand, surface to surface
contact formulation has the capability to handle temperature and pressure dependent
frictional coefficient. Surface to surface contact formulation can be used with element
base surface or nodal base surface. The latter can be used with damage material model
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without the need of defining internal surfaces, while if general contact definition is used,
internal surfaces have to be defined.
5.3.4 Solution controls and ALE adaptive meshing
Nonlinear explicit dynamic temperature-displacement analysis is used to solve the
proposed model, and as explained earlier, mass scaling technique has to be used to solve
the model in a reasonable time. In this model, time scaling method discussed earlier in
subsection 5.2.1 is used, where the simulation time has been artificially reduced by a scale
of 10-4, which is equivalent to an increase in material density by 108 (mass scaling). One
of the drawback of using this technique is that the inertia forces may become dominating.
The artificial time scale is selected based on the maximum allowable deformation speed
which should not exceed 1% of wave propagation speed of the processed material [83].
The maximum expected velocity (assuming sticking condition) will not exceed
(i.e. plunging conditions of 1000 rpm, tool shoulder radius of 2.61 mm, maximum
speed is 0.2733 m/s). Knowing that speed of sound in Al6061 is around 5000 m/s, thus
the maximum speed factor is 18,295, which is equivalent to density increase by a factor of
3.34 108. The value of 10-4 is selected based on solution convergence, as other values
(10-2, 10-3) have been tried without success. As a result of using time scaling method, the
rate dependent material property is excluded because of the artificial increase in welding
conditions (i.e. real plunging feed 3.33

10 m/s, the simulated is 3.33 m/s).
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The time increment also has a direct effect on simulation results; small time increments
increase the simulation time, and a large time increment may lead to mesh distortion.
Thus, a maximum time increment is set in order not to be exceeded, which has been
evaluated from the tool rotational speed by calculating the maximum tool angular rotation
change per increment (radians per increment).
To maintain a high-quality mesh throughout the analysis, it is recommended to perform
the adaptive meshing at every increment [110]. ALE adaptive meshing technique is
applied on Lagrangian adaptive domain, where the free surfaces flow with the material.
The model uses default remeshing controls recommended by the FE package (Abaqus)
and the only parameter controlled by the modeler here is the frequency of adaptive
meshing. In this model, both recommendations are followed and adaptive meshing is
performed at every increment (i.e. during plunging phase the model is remeshed 36

10

times).
5.3.5 Finite Element Analysis Validation
For validation purposes plunging-dwell test is performed using a tool rotational speed N
of 1000 rpm and a plunging feed fp of 20 mm/min with plunging depth of 1.75 mm (i.e.
over-plunging depth 0.15 mm). Three parameters (temperature, tool plunging force and
torque) are recorded during the experiment and used to validate the thermo-mechanical
FEM. The temperature is measured directly under the plunging location at 4 mm depth
from the processed workpiece surface using K-type thermocouple. The thermocouple
used has a 2 mm tip diameter, and thus it measures the average temperature under the tool
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and not exactly the processed material temperature (at contact with the tool). Equivalent
experimental conditions (initial temperature of 21°C, plunging feed and tool rotational
speed, 20 mm/min and 1000 rpm, respectively) are applied in the FEM. The plunging feed
is applied based on incremental plunging depth using function “AMPLITUDE”.
Through the model different contact formulation and controls are used (general, surface to
surface; nodal or element, Coulomb’s and modified coulombs model). Though that the
general contact formulation in Abaqus does not support temperature dependent coefficient
of friction, it is found that it gives better estimation of torque and temperature when used
with Coulomb’s frictional model. Coefficient of friction equivalents to the average value
predicted in experimental work is used in this analysis.
Figure 5.7 presents the measured temperature, axial force, torque and plunging depth (w)
during plunging and dwell phases (separated in the figure by dashed line) which have
been used for the validation process. From the measured values, the maximum torque
during plunging is found to be 13.2 N.m while the maximum axial force is 9.4 kN, and the
temperature recorded at the end of plunging phase is 42 ºC. Also, it can be seen from the
measured parameters that the rate of temperature increase in the dwell period is lower
compared to plunging phase. On the other hand, torque and axial force where decreasing
during dwell phase, which is expected due to material softening.
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Figure 5.7: Tool plunging depth as function of time.

As shown in Figure 5.8, the above described FEM is found to be able to give a good
representation of temperature variation with time during most of the plunging period. A
maximum difference of 8.8% has been found between predicted and measured
temperature during the dwell phase. This difference is mainly due to inertia effect, as it is
noticed at the last stage of plunging and during dwell phase, the contact stress is lower
because of material spreading away from the tool as a result of centrifugal force which
reduces the frictional heat generation. The estimated torque is also found to be equivalent
to the measured one with a maximum error of about 6%. Figure 5.9 shows a comparison
between measured and FE predicted torque during plunging.
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Figure 5.9: Comparison between measured and FE estimated Torque.
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Though the torque and temperature have been estimated within a reasonable error, the
axial force is found highly overestimated (Figure 5.10), as it is noticed that at the starting
of shoulder-workpiece contact the reaction force increases dramatically. By comparing
the maximum recorded plunging force and estimated one, the maximum error is found to
be about 120%. The large error in the estimated axial load is expected to be due to two
factors: first, the tool is modeled as a rigid surface, thus high reaction forces are expected
as no elastic or plastic deflections are allowed; secondly, the artificial speed-up of the
simulation time increases the inertia force which can become dominating.
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Figure 5.10: Comparison between measured and FE estimated plunging force.
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5.3.6 Results and discussion
In addition to temperature, force and torque estimations, the model objective is to evaluate
the state of stress and the amount of plasticized material around the FSW tool, i.e. thermomechanically affected zone. For this purpose experimentally revealed macrostructure in
subsection 3.3.3 is qualitatively compared to equivalent plastic strain distribution. The
effect of including damage model on developed stress, temperature and a tool reaction
force is also studied here. Abaqus has two methods for treating failed elements, where
elements can be deleted or kept as flowing mass with zero state of stress. The simulation
is carried out using a plunging feed of 20 mm/min and a rotational speed of 1100 rpm.
Contact formulation used in the comparison uses nodal base surface to surface contact
with constant coefficient of frictional. The comparison shows that estimated plunging
force, torque, temperature and plastic strain are lower compared to same output
parameters estimated without including the damage model. The comparison between
activated damage model without deleting failed elements, and deactivated damage model
in Figure 5.11 evidences the differences in von Mises stress, equivalent plastic strain, and
the developed temperature distribution. In estimated von Mises stress, both models
predicted an equivalent maximum stress, and average stress away from the processed
zone, but stresses close to the FSW tool are not. It can be seen that in the damage model,
material around the tool (processes) has zero state of stress as they are treated as fluid
flow. Based on the deformed state, material damage model allowed the simulation of flash
formation. Comparing the equivalent plastic strain revealed that using damage model
would estimate an inhomogeneous plasticized zone. On the other hand, if damage model
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is not included the predicted plasticized zone is found homogeneous. Moreover,
developed equivalent plastic strain contours are qualitatively equivalent to revealed
microstructure. The last point of comparison is the estimated developed temperature.
Including the damage model had predicted the experimentally measured temperature, but
as compared to model without including the material damage it is found to be
underestimating the maximum temperature at contact.

Figure 5.12 shows that the

estimated plunging force and torque are lower compared to those estimated without
including the damage model. Compared to measured values, both models are over
estimating the plunging force, but it is found that including damage model underestimate
the developed torque during plunging, while not including the damage model has
overestimated it.
Two advantages are noticed for including damage model, the first one, is the prediction of
plunging force as it is closer to experimentally measured values as compared to models
without damage criterion, and the second advantage is the prediction of flash formation at
the tool sides, as highlighted in Figure 5.11(a).
In addition to tool rotational speed of 1000 rpm used for validation and 1100 rpm used for
damage model effect, four other rotational speeds are simulated to study the effect of tool
rotational speed on material state and reaction loads on the FSW tool during plunging, and
the speeds are 800, 1200, 1500, and 2000 rpm. In the simulation, general contact model
has been used with µ of 0.58.
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Figure 5.12: Effect of damage model on (a) plunging force, (b) tool torque.

160

It is found that tool rotational speed has limited effect on von Mises stress distribution,
and maximum developed temperature, though it is expected to have higher temperature at
high tool rotational speeds, and this is mainly brought by simulation speed-up. However,
it is found that the lower the tool rotational speed the wider the plasticized zone around
the tool pin, noting that the plasticized zone under the tool shoulder is almost equivalent
for all conditions (Table 5.4). Results by Heurtier et al. [89] indicated that the flow arm
(flow under tool shoulder) is around 0.2 of plate thickness. The equivalent plastic strain
FE results show that the flow arm is around 0.28 of tool pin length which is 40% higher
than reported value by [89]. On the other hand, the results found to be quite close to weld
macrostructure revealed in chapter three (Table 5.4). Figure 5.13 show the equivalent
plastic strain for the different tool rotational speeds, and Figure 5.14 illustrates the von
Mises contours for plunging at 800 rpm and 2000 rpm.
The relation between tool rotational speed and equivalent plastic strain is governed by the
amount of tool slip. For low tool rotational speed, it is found that the average contact
stress (pressure) is lower than the ones predicted at higher speeds (i.e. σc = 0.592 MPa at
800 rpm, σc = 2.978 MPa at 2000 rpm). This has resulted in more sticking than slipping at
lower speed and therefore wider plastic zone, as the contact stress or pressure has a direct
relationship governed by µ with contact shear stress as discussed earlier. This also has
been inverted on tool torque, as it is found that at low rotational speed the torque is higher
compared to higher speeds. The effect of tool rotational speed on dependent process
parameters, torque and axial load is illustrated in Figure 5.15.
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The maximum developed temperature during plunging phase is found to range between
603 to 620 K (330 to 343 °C). On the other hand the average temperature in the predicted
thermo-mechanical zone (Figure 5.14) is found to range between 448 K and the maximum
estimated temperature of 600 K (175 to 327 °C). The maximum estimated temperature did
not exceed 67% of Al6061-T6 solidus temperature, while the average temperature was
around 251 °C, as shown in Figure 5.16.
The FEM estimated both frictional and plastic heat generation. It is found that the
frictional heat energy increased with tool rotational speed (Figure 5.17). Though this
supports the discussed point of having more slipping at higher tool rotational speed, it
shows contradiction with estimated developed temperature. Artificial simulation speed up
may become the reason behind this contradiction, as the simulation time is very small
(5

10

sec) while the thermal diffusivity which is function of material density ρ,

conductivity k, and specific heat Cp, is not changed. Heat generation due to plastic
deformation (Figure 5.18) is found to be less than 1% (16 W) as compared to frictional
heat. Thus plastic heat generation is found to have limited effect during plunging-dwell
phase.
Table 5.4: Material flow thickness at the end of plunging phase.

Flow thickness [mm]
Tool rotational speed
[rpm]
800
1200
1500
2000
* Experimentally measured.

Under tool shoulder

Beside tool pin

0.466
0.464

0.458
0.369

0.470
0.450

0.443*

0.320
0.291

0.346*

162

800 rpm
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2000 rpm

Figure 5.13: Equivalent plastic strain profile at the end of plunging phase for different tool rotational speeds.
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Figure 5.16: Temperature distribution at the end of plunging phase (N=800 rpm).
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Figure 5.17: Frictional heat developed during plunging.
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Figure 5.18: Heat generation due to plastic deformation.

5.3.7 Remarks
In the above discussed FEM, the effect of tool rotational speed has been investigated, also
J-C damage model inclusion. Tool rotational speed is found to affect the equivalent plastic
strain, torque and plunging force. On the other hand, it has limited effect on developed
von Mises stress and maximum temperature. Wider plasticized zone is expected to give an
advantage of reducing the tool transverse force at the starting of welding process, as
thermo-mechanical affected zone usually have the minimum strength, as reported by Sato
and Kawah [54]. On the other hand, including the damage model had under estimated
developed torque as well as maximum temperature, though it predicted flash formation.
By comparing the developed model to [98], the current model considers heat conduction
into backing plate and the amount of heat transfer into the FSW tool. Moreover, the
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current model has successfully analyzed till the end of the simulation time without any
convergence problems.
The developed model has the following limitations and drawbacks: 1) overestimation of
tool axial load or plunging force, 2) results are highly dependent on µ and contact model.

5.4 ALE FEM of Friction Stir Process
In this section, a steady state thermo-mechanical FEM is developed to study the material
flow and developed temperature distribution during welding. Furthermore, a simplified
plunging phase is considered where only the tool over plunging phase is included. The
model has been implemented using three dimensional fully coupled thermo-mechanical
analysis, with (ALE) remeshing and solved using Abaqus Explicit. The model is
developed based on earlier models by Schmidt and Hattel [84] and Zhang [64-66, and
116], taking into account differences in tool design, material model, contact formulation
and welding conditions.
5.4.1 Idealization and model description
The model considers a localized region in which the state of material around the FSW tool
is evaluated. To satisfy continuity the gap between contacted tube-tubesheet is ignored.
Simulation of welding phase is performed by employing a control volume approach,
where the welding speed is defined as inflow and outflow over Eulerian boundaries. This
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is implemented by creating Eulerian surfaces on the exterior boundary surface of the
geometric model to allow material to flow through the mesh. The workpiece is modeled
as a thin disc (thickness 1.7 mm) with a diameter equals four times tool shoulder
diameter. The workpiece geometric dimensions are selected based on radial temperature
distribution evaluated by the thermo-mechanical model presented in chapter four. The
temperature distribution predicted by the FEM is shown in Figure 5.19. Results indicate
that the temperature beyond the dashed circle is almost equal to room temperature (25 ºC).
Thus, inflow temperature and velocity can be applied at or greater distance of four times
tool shoulder radius. As mentioned earlier the model includes a simplified plunging phase.
To avoid mesh distortion during plunging, the geometric model has a center hole predescribing void produced by tool pin submerging into the workpiece. Model idealization
and tool geometry are schematically presented in Figure 5.20.
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Figure 5.19: predicted Temperature distribution by FEM; temperatures in °C.
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Figure 5.20: Schematic diagram of FEM for friction stir welding (a) cross section, and (b) top view.
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Thhe FE mesh of the abovve described model is presented in Figure
F
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placement-temperature 8-node bricck elementss with redduced integrration
(C
C3D8RT) haave been empployed. The mesh is perrformed in cyylindrical cooordinates, giving
g
thhe advantagee of having finer mesh close
c
to the tool and cooarse mesh at
a the outer edge.
R
Reduced
integ
gration is ennforced by Abaqus
A
in order to applyy ALE adapttive meshingg. An
annalytical rigiid isothermaal surface also is considdered to moodel the FSW
W tool usinng the
saame geometrric dimensioons and physsical parameters used in section 5.3 (Figure 5.5)). The
m
meshed
numeerical model is presentedd in Figure 5.21.
T materiall model usedd in sectionn 5.3 is also used here while
The
w
considdering strainn rate
deependent J-C
C plasticity,, as the latteer is excludded in the previous moddel. More details
d
abbout materiaal properties can be founnd in subsecctions 4.3.1 and 5.3.2. The
T backing plate
geeometric mo
odel is not inncluded, andd it has been replaced byy mesh consttraints, whilee heat
coonduction to backing plaate is introduuced as equivvalent conveective heat trransfer.

An
nalytical Rigidd
surface
s
(tool)
Trailiing

Leading

Eulerian surface
s
Figurre 5.21: Mesheed model.
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5.3.2 ALE adaptive meshing and solution controls
Eulerian adaptive meshing technique is applied in order to simulate material inflow and
outflow. First, Eulerian boundary region is created by defining Eulerian surface at the
outer boundaries (Figure 5.21), while contact surfaces in the meshed model are defined as
sliding surfaces. Furthermore, Eulerian surfaces adaptive mesh displacement constraints
have been applied to fix the mesh in space during the analysis. Unlike Lagrangian
adaptive meshing, the Eulerian adaptive meshing is applied once through the analysis in
order to have rigid mesh at the outer boundaries (Eulerian). In the model, two different
geometric regions have been defined. The first region includes the Eulerian surfaces and it
is adaptively meshed at frequency equal to unity. The second region which includes the
rest of the meshed model, and it is remeshed at frequency of 1000. Similar to criterion
discussed in section 5.2 mass scaling technique is used with a scale factor of 104. In this
model no artificial speed-up of simulation is used thus, a rate dependent material property
has been included.
5.4.3 Loads and boundary conditions
Tool boundary conditions constrains are equals to those used in the plunging model. In
the simplified plunging phase displacement boundary condition is applied on y axis using
the targeted over plunging depth of 0.15 mm. The displacement is applied using function
“AMPLITUDE” in Abaqus. During welding phase RP is constrained in y representing
position control welding condition. As explained above, the workpiece outer boundaries
(Eulerian) are adaptively constrained, while the bottom of the workpiece is simply
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supported. To avoid mesh distortion the artificial hole in the center of the plate is
constrained in both radial and tangential direction during plunging phase and in all
directions during welding.
Convective heat transfer is applied on top and bottom surfaces of the solid model,
assuming free convection with a coefficient (h) of 10 W/m2 K on the top surface, while
equivalent convection was applied at the bottom with a coefficient of 1000 W/ m2 K as
considered in [84]. The contact between tool-workpiece is defined using modified
Coulomb’s frictional law with a µ of 0.58 and maximum contact shear stress τmax of 124
MPa .
5.4.4 Finite element analysis validation
The validation of FEM is based on experimentally measured tool loads. The estimated
axial load and torque for both simplified plunging and welding phases are compared to
experimentally measured values. In the plunging phase only the tool shoulder over
plunging period is considered as initially the pin is inside the hole and tool shoulder is in
strain free contact with workpiece. The tool rotational speed and plunging feed are equal
to ones used in the previous model. The simulated plunging period considers only the last
0.45 sec of the plunging phase, which represent an over plunging depth of 0.15 mm. The
measured values used for validation of plunging phase have been discussed in subsection
5.3.5.
Figure 5.22 compares estimated plunging force and torque during over plunging period to
measured ones. As the validation considered the final stage of plunging phase, the results
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were compared after 4.85 sec of the experimental (actual) plunging time. FE model is
found to be underestimating the axial force with a maximum error of 30% (Figure 5.22 a)
and the torque by an average error of 63% (Figure 5.22 b).
Tool reaction loads estimated by the FEM are also compared to experimentally measured
ones using results from preliminary test at a welding speed of 175 mm/min. the
comparison is illustrated in Table 5.5. The welding phase model is also found to be
underestimating all loads except the crossfeed force. Underestimation of FE results are
expected due to the following modeling assumptions: the model excludes the tool pin tip
which represents 10% of the tool total area, and a contact shear stress limit is used in
order to avoid excessive mesh distortion.
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Figure 5.22: Comparison between measured and FE estimated (a) plunging force and (b) torque.
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Table 5.5: Comparison between numerically estimated and experimentally measured tool loads.

Parameter

Axial force
[N]

Transverse force
[N]

Crossfeed force
[N]

Torque
[N.m]

Measured (Exp)

2974.6

722.2

50

8.64

Predicted (FEM)

1730

306

364

4.19

Error %

-41.8

-57.6

+628

-51.5

5.4.5 Results and discussion
The model has faced convergence problems during welding phase. As element excessive
distortion has developed behind the tool. Reported results here are for those reserved
before distortion. Numbers of techniques have been used in order to avoid mesh
distortion, but none has succeeded. The techniques used are: modifying the ALE
remeshing frequency, and changing adaptive meshing constraints.
Due to distortion only evaluated results prior to model termination are discussed here. The
temperature distributions developed around the tool during plunging and welding are
shown in Figure 5.23 (a and b), respectively. The maximum predicted temperature during
plunging is found to be 558 K (285 °C) and it is developed under the tool shoulder.
Compared to the model described in section 5.3, it is found that in the previous model the
estimated temperature under the tool shoulder is lower than the one predicted here. The
maximum difference is about 28 °C.
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Fiigure 5.24 illlustrates thee contours off the von Miises stresses developed during
d
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is found that stresses
s
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h
alongg the weldingg direction with
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o 309
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Leading

Trailing

(a)

Retreating

Advancing

(b)
Figure 5.25: von Mises stress distribution (a) longitudinal section and (b) transverse section.

Material flow is evaluated using velocity profile and equivalent plastic strain. It is found
that the maximum material velocity (Figure 5.26) during welding phase does not exceed
2.9 mm/s which is equivalent to 0.7% of tool speed (ωr). Comparing material flow
velocity results to reported values in the literature [66, 85, 86], it has been found that the
predicted material flow is lower than the one reported by [85 and 86] while it closely
matched the used slip rate reported by [66]. Minimum velocity can be seen at the lower
trailing zone as indicated by the arrow, low velocity could indicate lack of material
deposition. Vertical material flow is also predicted by the FE model (Figure 5.26 b).

177

Positive (upward) vertical flow is found at the leading side, which indicated the flash
formation. On the other hand, negative (downward) vertical flow is found at trailing side.
Such a flow may become responsible for material deposition behind the tool.
Developed plastic strain after plunging phase is found to be close to the predicted one in
Figure 5.13. The maximum predicted value here is 3.75 mm/mm (Figure 5.27 a). During
welding phase, equivalent plastic strain has increased and the maximum estimated value
is found to be 4.6 mm/mm (Figure 5.27 b.). This enforces the earlier discussed point
regarding maximum temperature rise during welding phase. From the deformed mesh
shape, it is noticed that excessive mesh deformed is below the tool shoulder at the trailing
side (Figure 5.27 b). This may be explained by lack of material deposition on the surface.
Also, the maximum principal plastic strain is found to be higher at the advancing side
(Figure 5.27 c), which match findings by Buffa et al. [35].
Flow arm based on equivalent plastic strain is found to be 0.33 mm which represents
around 20% of the plate thickness; the result here matched exactly the one estimated by
Heurtier et al. [89]. Also, the material flow thickness near the tool pin is estimated to be
0.53 mm. Compared to experimentally evaluated values (Table 5.4) it has been found that
this model has overestimated the flow near the pin and underestimated the material flow
under the shoulder.
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Figure 5.26: Material veloocity around FSW
F
tool (a) general view, and
a (b) cross section paralleel to
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welding
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simulation has successfully completed. Though ALE adaptive meshing has been applied,
the model has some convergence problems during welding phase due to mesh distortion.
Moreover, the model is found to be underestimating tool reaction loads, and the reason is
explained due to number as listed below:
1) The tool pin tip is not included in the analysis which presents 10% of total contact
area.
2) The considered tool profile is cylindrical pin with flat shoulder, while in the tool
used in the experimental work is threaded pin with scrolled shoulder.
3) Contact formulation, the model assume constant µ with τmax of 124 MPa
Results also indicate that the model is able to predict material deposition behind the tool,
the steady state temperature distribution, and the amount of plasticized material.

5.5 Summary and Conclusions
In this chapter two localized thermo-mechanical FE models are developed and solved
using Abaqus explicit in order to predict material behavior and tool reaction loads during
FSW process phases. Both models are based on ALE formulation. The described models
have considered the tool-workpiece interaction as governed thermally and mechanically
by the adopted contact models. Thermally, heat generation due to frictional contact and
plastic deformation have been also included in both models.
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In the first model, tool plunging into workpiece is simulated, and in order to reduce the
computational time, artificial reduction of simulation time is used by speeding up the
process parameters. For that reason, rate dependent material properties have been
excluded. Though the considered artificial process acceleration is selected within
recommended limitation with respect to wave speed, it is found that the model has
overestimated tool reaction loads due to inertia effect. FEM results also show that the
lower the rotational speed the higher the tool torque but the lower the plunging force. The
plasticized zone has been also found to be wider at lower rotation speed.
The second model simulated the tool over plunging and steady-state welding. The over
plunging simulation has completed successfully, and results are equivalent to the first
model but the second model has underestimated tool reaction loads, and the causes has
been discussed earlier. On the other hand, during welding the solution has faced
convergence problems due to mesh distortion.
From the developed models and investigated parameters, the following conclusions are
drawn;
1) Including J-C material damage model during simulation of FSW process will
not resolve in better prediction of material state or dependent process
parameter.
2) During plunging phase lower tool rotational speed are preferable to reduce
axial load and increase the amount of plasticized material.
3) ALE FE results are highly dependent on frictional contact model parameters.
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4) ALE remeshing technique facilitates the prediction of material flow and
deposition behind the FSW tool.
5) As predicted by the FE model, positive radial stresses develop in processed
material, thus from tube-tubesheet joint perspective this may affect the
expanded joint by reducing the tube-tubesheet contact stress.
The above developed models are based on ALE, Lagrangian implementation FEM which
cannot be used for simulating and visualizing void formation, as Lagrangian element has
to be 100% filled with single material in order to satisfy continuity. For this reason a
Coupled Eulerian Lagrangian FEM is developed in chapter six, to investigate the effect of
process parameters on volumetric defect formation.

CHAPTER SIX

COUPLED EULERIAN LAGRANGIAN FEM OF FRICTION

STIR PROCESSING

In this chapter a Coupled Eulerian Lagrangian (CEL) model is developed using Abaqus
environment to simulate FSW process. The model is concerned with predicting
volumetric defect and material flow during the process, as well as prediction of tool
reaction loads.

6.1 Introduction

FSW is a multi-physics problem which involves excessive material deformation and flow
around FSW tool. Traditional Lagrangian elements become highly distorted and results
may lose accuracy. One of the solution techniques to avoid mesh distortion is the
Arbitrary Lagrangian Eulerian (ALE) analysis which has been used to simulate FSW
process in the previous chapter. Eulerian formulation is also effective for applications
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involving extreme deformation, up to fluid flow, where in Eulerian analysis, material is
allowed to flow across element boundaries in a rigid mesh.

Volumetric defects may form during FSW process, and usually they develop as a result of
lack of deposition of material at the trailing side. Lagrangian implementation FEM cannot
be used for predicting void formation, as Lagrangian element has to be 100% filled with
material. On the other hand, Eulerian implementation in Abaqus is based on volume-offluid method where material is tracked as it flows through the mesh by computing its
Eulerian volume fraction (EVF) within each element. Thus, Eulerian elements can include
multi-material in addition to void, which gives the technique an advantage over
Lagrangian and ALE for simulating void formation, as well as simulation of dissimilar
FSW.

General contact formulation in Abaqus allows coupling Eulerian region with Lagrangian.
This type of analysis will be called “Coupled Eulerian Lagrangian (CEL) analysis”. CEL
can be used for simulating interactions between solid body and yielding or fluid material,
which would suit the FSW process. As it has been mentioned in chapter two, Eulerian
formulation has been used to simulate FSW process with success by a number of
researchers [60, 92, 96, and 97].
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6.2 Problem Idealization and Implementation

A localized three dimensional CEL finite element model is developed and solved using
Abaqus explicit. In addition to tool reaction forces, torque and processed material state
during and after FSW the target is to estimate void formation for given process (welding)
conditions.

In the FSW process, heat is generated due to frictional contact and plastic deformation. In
this model only material softening due to inelastic heat generation is considered. The
model assumes adiabatic conditions and does not consider heat dissipation into workpiece
material or surrounding. In an adiabatic analysis, plastic straining gives rise to a heat flux
per unit volume of
:

(6.1)

where qpl is the heat flux that is added into the thermal energy balance, η is the inelastic
heat fraction (defined in material properties and equals 0.9) σ is the stress, and

is the

rate of plastic straining [110]. The heat equation becomes:

(6.2)

The adopted material model is equivalent to the one used in the steady state ALE model
discussed in the previous chapter. The material plastic flow considers strain rate and
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temperature dependent Johnson-Cook plasticity, while elastic and thermal properties are
considered as temperature dependent.

Defining the geometric model in Eulerian analysis is unlike Lagrangian. The Eulerian part
(domain) can be arbitrary in shape, as it represents the domain where Eulerian materials
can flow. The geometry of the workpiece in the model is not necessarily defined by the
Eulerian part; instead, material is assigned to Eulerian elements in a shape that defines its
geometry.

In the developed CEL model, the Eulerian domain has been defined in the shape of
cuboid, the Eulerian domain includes two regions one named “full”, and the other named
“void”. Those two regions are used for defining material assignment in the Eulerian
region. Initially, the lower region “full” is assigned with the workpiece material (Al-6061T6) which represents a part of the workpiece (local), while the top region “void” is not
assigned with any material. The void region is created to visualize flash formation during
welding.

The Eulerian domain dimensions are considered based on inflow conditions as discussed
previously in steady state ALE model presented in the previous chapter. The selected size
of the Eulerian domain is 21 mm length (equivalent to 4 times tool shoulder diameter) and
6 mm thickness (equivalent to plate thickness used in the preliminary experimental work
subsection 3.3.3). The upper void region thickness is is taken as 1 mm, while the rest of
region thickness is initial full of workpiece material (Figure 6.1 a).
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6.3 Interaction, Loads and Boundary Conditions

Eulerian body is coupled to Lagrangian through contact interaction. Tool-workpiece
interaction is defining using general contact formulation based on Coulomb’s frictional
law. In the frictional contact model, three different coefficients of friction (µ) have been
tried to show their effect on void formation; the values selected in the study are based on
reported coefficient of friction 0.3[86], 0.58 (estimated experimentally Chapter three), and
maximum µ of 0.8 [113]. Heat generation due to frictional slipping is not supported in
Abaqus environment for Eulerian analysis, thus only heat due to plastic deformation is
considered.

Figure 6.2 illustrates schematically the velocity boundary conditions used in the present
model. Unlike Lagrangian implementations, in Eulerian analysis, the mesh is fixed and
the material is free to flow in and out of the mesh, therefore, no need for applying mesh
constraint at the boundaries, but to keep the material from flowing out of the mesh during
plunging phase, velocity is constrained at all sides except from the upper surface. During
welding phase, tool welding speed (feed) is applied through defining inflow and outflow
velocity boundary conditions (Figure 6.2), while keeping the other velocity constrains.
The velocity constraints on surfaces parallel to welding direction are equivalent to sliding
boundary condition on Lagrangian surface. The magnitude of the applied velocity is set
equal to tool welding velocity but in an opposite direction.
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6.4 Finite Element Analysis Validation

The validation is based on experimentally measured tool reaction forces (plunging
transverse, and crossfeed loads) in addition to tool torque. Welding conditions considered
are equivalent to ones used for validating plunging (FSSW) and steady state ALE model,
where the plunging phase conditions are: N=1000 rpm, fp=20 mm/min, and for welding
phase N of 1500 rpm, and V of 175 mm/min are used.

During plunging stage, the model has estimated a maximum plunging force and torque of
10 kN and 11.9 N.m, respectively. Compared to maximum experimentally recorded
values, the model underestimates tool torque by about 10%, while the maximum plunging
force is overestimated by about 6%. Though the maximum value of plunging force is
estimated within an acceptable margin of error, the estimated force profile does not match
the experimental one (Figure 6.3), while of that of the torque does (Figure 6.4).

Welding phase model is validated based on the average recorded axial (plunging),
transverse, and crossfeed loads and torque. Since the model is idealized as bead on plate,
the preliminary experimental test results during steady state welding of zone D (table 3.5)
are used for the validation. The measured parameters from welding performed at a speed
of 175 mm/min with position control are compared to the numerically evaluated result in
Table 6.1. The estimated forces and torque during welding phase show fluctuation (Figure
6.5). The fluctuation in estimated forces and torque is due to stick-slip phenomena.
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During sticking, it is well known that the torque increases and in slipping it decreases,
which also applies to tool forces.
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Figure 6.3: Comparison between experimental and numerical plunging force.
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The mean value of estimated loads calculated over 2 seconds of simulation is considered
for the validation process. The model is found to be overestimating all forces, while it
underestimates the tool torque. It is worth noting that the tool used in experiments has a
profiled pin and shoulder, while in the FEM the tool has similar dimensions but
considered a cylindrical pin and a flat shoulder. The latter profile is expected to produce
lower torque and higher traverse load as reported by [34] and discussed in chapter two.
Moreover, overestimation of the crossfeed force is expected to be due to rigid body
assumption.

Table 6.1: Comparison between numerically estimated and experimentally measured tool loads.

Plunging
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Figure 6.5: Steady state estimated tool loads and torque at a welding speed of 175 mm/min.
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6.5 Results and Discussion

6.5.1 Plunging phase

It has been shown above that the model estimates the plunging force and torque within
acceptable limits, unlike ALE model discussed in section 5.3, the amount of plasticized
material around the FSW tool is represented by the equivalent plastic strain. The FE
results indicate that the maximum equivalent plastic strain at the end of plunging phase is
around 50 mm/mm, and the average is around 30 mm/mm. Comparing these results with
ones obtained by the ALE model, it is found that both model have qualitatively the same
distribution (Figure 6.6); as the maximum is closer to the tool pin, but the values of the
CEL model are 10 times greater than those obtained by ALE model.

(a)

(b)

Figure 6.6: Equivalent plastic strain at the end of plunging phase obtained by (a) CEL, (b) ALE
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6.5.1 Influence of coefficient of friction

In this model, the Coulomb’s frictional law is used assuming a constant coefficient of
friction µ, thus the effect of µ on developed void is investigated here. The welding
conditions (N=1500 rpm, V=175 mm/min, and position control) are held fixed while the
coefficient of friction is changed (µ =0.3, 0.58 and 0.8).

The results show that the coefficient of friction is directly affecting the material flow and
the produced defect size. This is expected as µ is directly related to the critical (sticking)
shear stress (Equation 5.4). Figure 6.7 presents the effect of coefficient of friction on the
developed volumetric defect. The results show that a defect is generated for all three
conditions, but using µ of 0.3 leads into unsuccessful weld as no material is deposited
behind the tool pin and the FSW tool has produced a key in the processed material (Figure
6.7 a). On the other hand, results obtained using µ of 0.58 and 0.8 show defected welds
with different void size and shape (Figure 6.8). It can be seen that a surface defect in
addition to internal void are developed for µ 0.58 while only internal defect is formed for
µ 0.8. From Coulomb’s law, the larger the µ the greater the sticking zone, and stick-slip
conditions is known to be responsible for defect formation. Thus in order to have a sound
weld, tool design and welding conditions should guarantee having more sticking than
slipping.

It can be observed from the developed contact stress on the tool surface (Figure 6.9) that
all three conditions have equivalent maximum contact stress, but the zone with zero
contact stress is larger for µ 0.3 as compared to µ 0.58 and 0.8.

196

Generated deefect

Tool pin vacanncy

(a)

(b)

(c)

Figure 6.7:
6 Effect of coefficient
c
of friction
fr
on void
d size (a) µ=0..3,(b) µ=0.58 and
a (c) µ=0.8

Surface deffect

Vooid

(a)

(b)

Figure 6.8: Eulerian volu
ume fraction-vvoid (a) µ=0.588, and (b) µ=00.8.

197

No conttact

(a)
(

No contact

No contact
c

(b)

(c)

Figure 6.9: General contact pressu
ure on FSW toool (a) µ=0.3, (b) µ=0.58 and
d (c) µ=0.8.

Fiigure 6.10 a shows a comparison
c
b
between
axiial force obtained durinng welding using
frriction coeffiicient of 0.588 and 0.8. It can be seenn that the pluunging force values whenn µ of
0..58 is used is
i higher thaan that of µ 0.8, but thee latter has greater
g
forcee oscillationn as it
exxtend throug
gh the simuulation time,, but while using µ 0.558 it dies affter 8.5 sec. The
avverage axial force estimaated for µ 0.58 and 0.8 are
a calculateed based on the
t average value
w
within
one second and they are aboutt 5200 N and 3400 N, reespectively. Results for µ 0.3
arre excluded
d from thee comparisoon because it show unsuccessfu
u
ul weld. Siimilar
obbservations applies
a
to measured torqque (Figure 6.10
6
b), and the average torque whenn µ of
0..58 is used is
i 5.66 N.m, while 6.255 N.m is whhen µ is 0.8. The oscillaation in force and
toorque is maiinly due to stick-slip phhenomena. Though
T
the load is low
wer when µ 0.8
0 is
ussed, the abo
ove FE resuult indicated that it geneerates smalller defect siize. Comparred to

198

experimental observations, this is not the case, as in experiment the greater the plunging
force the less volumetric defect size would form. The contradiction here is due to the
assumption of constant µ, while in reality µ varies with contact pressure and surface
temperature. Simulation observations can be related to Coulumb’s friction law, where µ
presents the slope of the stick-slip boundary (Figure 5.6), so for low µ greater pressure is
needed in order to stay in stick region while for higher µ is not.
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Figure 6.10: Estimated tool (a) axial force, and (b) torque during welding at a speed of 175 mm/min.

6.5.2 Material flow and processed zone

One of the CEL model objectives is to obtain the material flow around the FSW tool. The
velocity profile is used to describe the material flow. From Figure 6.11 it can be seen that
at the void formation zone the material velocity is almost zero. Moreover, the FE results
show that the average velocity is around 0.05 m/s located at the tool pin-workpiece
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the sticking-slipping condition. As it was noticed from material velocity close to the tool
shoulder and flash side varies with time. Compared to flash formed during experimental
work, the FEM overestimated the flash thickness.

Flash

Figure 6.12: Average plastic strain and flash formation during FSW.

The state of the processed material is investigated by evaluating the von Mises stress and
equivalent plastic strain. The maximum developed von Mises stress is found to be around
158 MPa, as shown in the Figure 6.13. The stress values are found to be higher at the
advancing side. This is expected as discussed in subsection 2.4.3 by [90-92] that the
material velocity is higher at the advancing side which leads into greater strain rate. The
obtained equivalent plastic strains developed during welding at a speed of 175 mm/min
and position control are compared to the processed zone reveled experimentally using
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opptical micro
oscopy. EVF
F-void view
w cut is useed in CEL to visualizze the void.. The
coomparison (Figure 6.14) reveals that the preseent model deescribes quiite accuratelly the
sttate of the plastic strain and
a the preseence of voidd in the weld zone.

Advancing

Void

Figure 6.13: von Misses Stress disttribution behin
nd the tool.

Nuggeet

Void

Nugget

Figure 6.14
4: Matching esstimated void with experimentally found;; welding speeed 175 mm/miin.
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6.5.3 Influence of welding parameters

Two welding parameters are investigated in this work, and they are the welding speed and
the plunging control method (position and force control). As discussed in the literature
review (chapter two) and based on experimental observations, plunging force has a direct
effect on defect formation.

6.5.3.1 Force vs. position plunging control. In this comparison the effect of plunging
controls method on: formed void size, equivalent plastic strain, and flash formation, is
studied. Both conditions are simulated using tool rotational speed of 1500 rpm and
welding speed of 125 mm/min. Though the average experimentally estimated µ is 0.58,
the contact model assumes a coefficient of friction of 0.8 because results obtained using μ
of 0.8 closely estimate axial load and torque when compared to measured ones. The
applied axial load has been selected using trial and error. The criterion is to have an
increase in tool over plunging depth, and an axial load of 5.5 kN is selected in this
investigation.

Figure 6.15 qualitatively compares the void size developed using position and force
control after 2.5 and 4.2 seconds of simulation. The shown weld sections are taken
directly after the FSW tool shoulder. The results indicate that the generated void during
welding using position control is two times larger than the one formed when force control
is used (t= 2.5 sec), and quantitatively the void cross sectional area is found to be around
0.16 mm2 for position control, and while using force control it is about 0.08 mm2 . On the
other hand, at t = 4.2 sec, the defect size for force control weld has been dropped to 0.02
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mm2, but while using position controll the void sizze is not affeected. By com
m
mparing obttained
vooid size usin
ng CEL moddel to averagge measuredd ones perforrmed in Chaapter three (T
Table
5..4), the mod
del is foundd to be overrestimating the
t defect size.
s
The diffference bettween
nuumerically estimated
e
andd experimenntally measurred void sizee is brought by the diffeerence
inn tool profilee, and model limitation of
o material suurface visuallization.

Void

(a)

(
(b)

Void

(c)

(
(d)

Figure 6.15: Equivalent pllastic strain (aa) position con
ntrol t=2.5 sec,, (b) force con
ntrol t=2.5 sec,, (c)
positioon control t=44.2 sec, and (d)) force controll t=4.2 sec.
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Thhe FE resultts also indiccate that usinng force conntrol developp 1.5 times larger equivvalent
pllastic strainss as compaared to oness developedd using possition controol. The variiation
beetween obtaained resultss using forcce and position controol can be linked to coontact
prressure. Thee contact results (Figurre 6.16) shoow that in both
b
weldingg conditionss, the
m
maximum
co
ontact pressures are eqquivalent annd in the order
o
of 3--4 GPa, buut the
diistribution iss not. In force control welding,
w
mosst of the toool shoulder is
i in contactt with
thhe workpiecee material (F
Figure 6.16 a)
a unlike thee position coontrol, part of the tool pinn and
shhoulder havee zero contacct (Figure 6.16 b).

No
Contact

(a))

(b)

Figure 6.1
16: Developed
d contact presssure on FSW tool
t
(a) force control,
c
(b) poosition controll
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Foorce controll welding generates
g
m
more
heat annd thicker flash
f
[46, 93].
9
This iss also
obbserved thro
ough experim
mental resultts obtained in
i this studyy (Table 3.3)). Figures 6..17 (a
annd b) show the
t average plastic strainn and the flaash developeed at the weeld side for welds
w
peerformed usiing position and force control,
c
respectively. Froom the resullts, it can bee seen
thhat the mass of flash is greater
g
whenn force contrrol is appliedd. Also, the flash looks more
hoomogenous (Figure 6.17 b). The flash
f
formattion here iss expected because
b
the over
pllunging deptth i.e. 0.3 mm
m.

Fllash

Figure 6.17: Average
A
plastiic strain and flash
f
formatioon during FSW
W (a) using poosition control, (b)
u
using
force con
ntrol

6.5.3.2 Tool welding
w
speeed. FS weld quality
q
is aff
ffected by a number
n
of parameters, one
o of
thhe most impo
ortant param
meters is the welding
w
speeed. The effeect of weldinng speed hass been
sttudied experrimentally inn chapter 3,, and here also,
a
two welding
w
speeds (125 andd 175
m
mm/min)
hav
ve been seleected to asseess the speed effect on developed plastic
p
strainn and
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vooid formatio
on. In both siimulations, position
p
conttrol plungingg method annd a coefficieent of
frriction 0.8 arre used. Thee CEL FE reesults show that
t
the welding speed has
h limited effect
e
onn developed
d void size, as the voidd size is fouund to decrrease by aboout 20% forr low
w
welding
speed
d. It is howeever noted thhat the void shape
s
is morre sensitive to
t welding speed.
s
Thhe void at sp
peed of 175 mm/min is elliptical
e
while that obtaiined for 1255 mm/min is more
ciircular (Figu
ure 6.18). Moreover,
M
weelding at sppeed of 175 mm/min prroduces a grreater
vooid under thee tool shouldder (Figure 6.18b).
6

W
Welding
speeed show a minor
m
effect on developeed plastic strrains as estimated equivvalent
pllastic strain values shoow slight inncrease whhen the wellding speed is reducedd, the
pllasticized zo
one is foundd to be largger (Figure 6.19)
6
as it extends
e
morre under thee tool
shhoulder toweered the retreeating side. These
T
findinngs are similar to the resuults developed by
W et al. [55
Woo
5].

Void under shoulderr

(a)

(b)

Figure 6.18: Eulerian volume fracction (void); (aa) V=125 mm//min, (b) V=1775 mm/min
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(a)

(b)

Figurre 6.19: Equivvalent plastic strain
s
for (a) V=
V 125 mm/m
min, (b) V= 1755 mm\min

6..6 Summa
ary and Coonclusionss

Inn this chapteer, a localized Coupled Eulerian
E
Laggrangian model with adiiabatic heat effect
e
is implementeed to simulaate the frictioon stir weldiing. The moodel considerred Johnson cook
pllasticity and temperaturee dependent thermal andd mechanicaal properties.. The model aims
att simulating and predictiing the volum
metric defecct formation as well as the
t material flow.
Thhe model has
h
been solved
s
using Abaqus explicit, annd in orderr to reducee the
coomputationaal time, the model
m
is solvved using paarallelizationn method, annd validated using
exxperimentallly measured tool loads. In
I the validaation processs, the model has predicteed the
m
maximum
plu
unging forcee and torquee during plunnging phasee within acceeptable error, but
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for welding phase the model is found to be overestimating all of axial, transverse and
crossfeed forces while underestimating tool torque.

The effect of coefficient of friction µ and process parameters (welding speed, plunging
control method) are also studied and the results show that developed void size is directly
affected by the frictional contact and the plunging method, as the higher the coefficient of
friction the smaller the produced void size. Also, FSW using force control is found to
produce smaller void defects. All results are also found to be qualitatively matching
experimental findings, while the model is found to be overestimating the void size.

Similar to any FEM, there are limitations that reduce the model accuracy. The limitations
of the implemented model here are due to software capability and solution techniques,
which are material surface visualization, and Coupled temperature-displacement solver is
not applicable for plasticized materials in the current version (6.11-2) of Abaqus.

CHAPTER SEVEN

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

7.1.1 Experimental work
In this study a new tube-tubesheet seal welding method using FSW was developed and
investigated using experimental and numerical analysis.
The development of the new process involved a number of design and manufacturing
aspects i.e. tool design, fixture, and tube support and process parameters. FSW of tube
tubesheet joint required a design of a special tool of reduced dimensions which presented
a real challenge in terms of the selection of welding parameters that lead to material flow.
Several iterations were needed to arrive at an optimal novel tool design and experimental
FSW setup and process.
Preliminary experiments were performed using bead on plates to learn the effect of
process conditions on produced welds quality in terms of defects and surface finish. The
main findings were as follow:
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1) Defects were always produced at the retreating side and overlap welds.
2) Defect size increased with increasing welding speed
3) Force control plunging method produced less defects, softer welds, and thicker
flash.
4) During welding using force control, surface finish is affected by the over plunging
limit, force, and welding speed.
Based on preliminary bead on plate test results tube-tubesheet seal welding was
performed and further conclusions were drawn from tube-tubesheet seal welding. Tubetubesheet seal welding was performed using only force control, while using similar
welding speeds considered in the preliminary tests. The over plunging limit during seal
welding was set to a lower value of 0.25 mm instead of 0.5 mm to reduce fluctuation in
plunging depth and the plunging force was set to 4.2 kN equivalent to force recorded
during position control. During tube-tubesheet seal welding the effect of tool offset was
also considered. This effect was determined using the resulting weld macrostructure.
Results showed that the tool offset has to be less than tool pin radius, as the processed
zone will be in the tubesheet leading into having less weld thickness.
Based on observations and discussion developed through this work, one can conclude the
following:
1) FSW of tube-tubesheet seal welding is a promising technique that can be used for
heat transfer equipment. Provided that proper tooling and set-up such as tube plug
are used.
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2) Selection of FSW tool size is governed by the tube wall thickness and tubesheet
ligament. The maximum tool diameter should not exceed half the ligament size.
3) Featured tools are preferable for better material flow and higher welding speed.
4) Tube plug must be inserted carefully; excessive force during this process would
harm the expanded joint. The best practice is to use expandable plugs.
5)

FSW requires more pre welding preparation (fixtures and supports) as compared
to conventional welding. But it does not require any pre or post heat treatment.

6) Tube-tubesheet friction stir seal welding must be performed using force control
plunging method.
7) Over plunging limit should not exceed 0.2 mm.
8) Tool offset should not exceed 50% of tool pin radius.
9) During seal welding, the tool welding speed has to be reduced as the tool finishes
the third quarter of the tube circumference in order to avoid defect formation in the
overlap zone.
10) Lower welding speeds produce smaller volumetric defects.
11) Welding marks and flash in FSW can be removed by machining processes for
enhancing fatigue and corrosion resistance. This cannot be performed in
conventional welding in case of flush tube as most of filler material will be
removed.
12) FSW presents an optimal choice for tube-tubesheet seal welding as the developed
temperature across the tubesheet thickness are lower than aging or annealing
temperatures.
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13) Tool axial and transverse forces are directly related to welding speed, while tool
torque and crossfeed do not show clear relationship to welding speed.
7.1.2 Numerical analyses

In this study the FSW was simulated using three FE modeling techniques. The first was
non flow based thermo-mechanical model using Lagrangian implementation and idealized
the tool-workpiece interaction as a moving heat and pressure source ignoring material
flow. The other two models were used to simulate the material flow around the FSW tool.
The first one used the ALE adaptive meshing technique with Eulerian adaptive constraint.
The other model was developed using coupled Eulerian Lagrangian (CEL) formulation.
The latter had successfully estimated voids formation during welding. Both models
considered localized regions which can be used for any FSW process including tubetubesheet seal welding. The size of the tool considered in both models was equivalent to
the designed tool for tube-tubesheet seal welding.
In the localized model the tool-workpiece interaction was governed by Coulomb’s and
modified Coulomb’s friction laws. The developed results were found to be highly
dependent on the contact model. The coefficient of friction used in the finite element
model was estimated based on experimentally measured torque and analytical heat
generation during FSW.
Thermo-mechanical FE model results showed that the FSW would increase the contact
stress of the pre roller expanded joint with an average of 51.2% across the tubesheet
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thickness. Also, developed temperatures during welding were found to be lower than
annealing temperature.
In the localized models, the material flow velocity was found to range between 0.13-0.33
of maximum tool speed in the CEL model. On the other hand, the ALE model showed
that the material velocity did not exceed 0.007 of tool speed. CEL model presented a
better estimation of material flow when compared to reported values in the literature.
In the ALE model, the effect of tool rotational speed during plunging was investigated
and the results showed an inverse relationship between the width of the plasticized zone
and tool rotational speed. Plasticized zone size and shape estimated by the CEL and ALE
models were found to qualitatively match the ones revealed experimentally.
The developed CEL model was able to predict the void formation. The model was also
used to investigate the effect of plunging control method and welding speed revealing that
similar to the experiment results, the void size is smaller for force control condition and
for lower welding speed. Predicted results by the numerical model were found to match
those obtained experimentally.
From numerical analysis and result discussions, the following conclusions can be drawn:
1) Developed residual stresses during FSW may enhance the expanded joint. Based
on on FEM results it is expected to have an increase in the contact stress between
tube and tubesheet around 51.2% on average.
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2) Stress relief of roller expanded joint due to annealing process does not happen
during FSW of tube-tubesheet seal welding.
3) During plunging phase low tool rotational speed has to be used in order to reduce
maximum plunging force and increase the plasticized zone.
4) ALE model predicted that tensile stresses are developed behind the tool pin a cross
the weld joint.
5) Volumetric defects predicted by CEL model indicate that for tube-tubesheet joint
the tube must come at the advancing side.
6) FE results are highly dependent on contact model. Larger coefficient of friction
reduces the potential of void formation.
7) Experimental calibrations of tool workpiece contact properties are necessary to
achieve quite close results to reality.

7.2 Recommendations and Future Work

From results and drawn conclusions the study recommends the following:
1) Retractable tool pin are recommended for tube-tubesheet seal welding in order to
avoid producing of exit holes at the end of the process.
2) Expandable tube plug are recommended to avoid harming the expanded joint
during inserting it.
3) Flash and shoulder marks removal by machining is recommended for better
surface finish.
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4) Coupled Eulerian Lagrangian finite element is found to be the best technique to
simulate the FSW process and prediction of developed voids, and it is
recommended for optimizing welding conditions.
Recommendations for future investigation:
1) Experimental and numerical investigation of dissimilar FSW of tube-tubesheet
joint including cooper nickel, steel, and priority is given to titanium and stainless
steel as conventional seal welding of titanium can only be made to titanium or
titanium clad tube sheets, while stainless steel is extensively used in petrochemical
industry.
2) In addition to visual microscopic, and microhardness analysis for weld quality,
further testing of tube-tubesheet mechanical performance using tube pullout tests
and hydraulic leakage tests.
3) Study the dynamic response of FSW tool and workpiece during welding and
correlate the responses to welding conditions and formed defects.
4) Designing a new FSW tool for projected tube-tubesheet joint using the novel
technique developed by TWI, Stationary Shoulder Friction Stir Welding
(SSFSW).
5) Using the current CEL model to study FSW of dissimilar tube-tubesheet and
considering tube plug and gap between tube and tubesheet.
6) FSW Tool wear during welding of harder metals based on CEL model and
considering deformable tool with damage criterion.
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