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ABSTRACT

This research work focused on welded titanium alloy (grade 5) pipes, to ascertain if the
weld joints can withstand the immediate and accumulated effects of fluid flow in

(industrial) applications.

Modeling of welded pipes was done using Pro/ENGINEER Wildfire 5.0. The cylindrical
pipe models were of 206,375mm inner and 219,075mm outer diameter respectively;
made of Ti6Al4V material. Three models were made: one of unwelded pipes, another
with a seam weldment and the third with a circumferential weld. The welds were
modeled as autogenous gas tungsten arc welding and the models included calculated heat
affected zones. The pipes were modeled with a flowing fluid under pressure exerted
evenly on all sides of the pipe walls (circumference). The boundary conditions were such

that the pipe ends were supported as if the pipe were continuous.

Stress and strain analysis on the pipe models were performed by the Finite Element
Method using Pro/ENGINEER Wildfire 5.0. The results of the Finite Element Analysis
(FEA) indicated that stress vary very negligibly along the pipe. A comparison of the FEA
modeling results to the analytically determined value of the stress showed very low or

zero percentage deviation.
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Chapter 1 Introduction

1.1 Background

Titanium is a unique material because it has very good physical properties — high
strength, low density, good ductility, and a relatively high melting point. It is as strong as
some alloys of steel, but about 45% lighter than those steel alloys (Barksdale & Jelks,
1968: 738). In all fields of engineering, design, and fabrication, titanium and its alloys are
considered for use, in a continuously widening range of applications. Presently, cost,
availability, and fabrication difficulties limit the use of titanium despite all the excellent
benefits which titanium and its alloys offer. The variety of titanium alloys, and the even
greater variety of engineering metals and materials, require that there should be a
versatile selection of joining processes for titanium, if the metal is to be of common use
in the widest possible range of applications. And titanium (grade 5) alloy is the most
commonly used alloy of the metal industrially (www.timet.com). Among other industries,
it is applied in the petrochemical sector and in aerospace technology, and can be used
primarily in the oil and gas sector as well. Although mechanical fastening, adhesion, and
other techniques have their place; welding continues to be the most important process for
joining titanium. According to Cary and Helzer (2005: 45-49), welding of titanium by
various processes is widely practiced, and service performance of welds is proven with an
extensive and continuously extending record of achievements. Newer methods adaptable

for titanium are further advancing the science, technology, and economics of welding.

In comparison with other metals, the most useful properties of titanium are its resistance
to corrosion, and the fact that it has the highest strength-to-weight ratio of any metal
(Donachie, 2000: 11). The mechanical properties of titanium constitute very important
criteria considered by design engineers in production processes. Titanium alloys joined
by any one of the wide range of welding processes are routinely at work in applications
such as aircraft (high strength, in combination with low density), aero engines (high
strength, low density and good creep resistance of up to about 550°C), pressure

vessels/offshore platform pipe networks (corrosion resistance, high strength, low



density), biomedical services/implants for the human body (corrosion resistance and high
strength), components in chemical processing equipment (corrosion resistance), and even
ultra lightweight roofing (Lutjering & Williams, 2003: 1-3). For these and more
applications, it is critical for the design engineer to consider the variation in the
mechanical behaviour of the different alloy grades when making the material selection.
Practical and comparative welding processes may ensure that there are few other
materials that can compete technically or economically with the performance provided by

titanium (Cary & Helzer, 2005: 42-62).

Alloys, including titanium alloys, can be joined by solid state welding processes. They
can also be joined by fusion welding, which involves the use of heat, and sometimes a
filler material such as a consumable electrode. The weldability of titanium alloys is
usually assessed on the basis of the toughness and ductility of the weld metal.
Commercially pure grades are considered very easy to fabricate and are ordinarily used in
the as-welded condition. Titanium alloys show reduced weld metal ductility and
toughness. Tables 1.1 and 1.2 show the weldability of the common titanium grades and

other alloys listed by the American Society for Testing and Material Standards (ASTM).

Table 1.1: Common ASTM Titanium alloy grades and their weldability.

ALLOY GRADE WELDABILITY COMMENTS
1,2,3,4,7,11,12, 13, 14, | Excellent Commercially pure
15,16, 17, 26, 27 and low alloy

grades with minor

additions of Pd,

Ru, Mo etc.
9,18,28 Excellent Ti-3Al-2.5V
grades.
5,23,24,29 Fair-good Ti-6Al-4V grades.
21 Excellent Beta alloys
6, 6ELI Good-Excellent Ti-5A1-2.5Sn




Hass (2006: 9-10) observed that welds in titanium are substantially immuned to many of
the weld cracking problems common in ferrous alloy fabrications. Yet, despite this and
other beneficial characteristics, some engineers still believe that titanium is difficult to
weld; possibly due to its particular requirements with regards to gas shielding, or that it

has always previously been handled only by specialist fabricators.

Table 1.2: Weldability of selected non-ASTM Titanium alloys.

ALLOY GRADE WELDABILITY COMMENTS

Ti-6Al-2Sn-4Zr-2Mo | Fair-good Common aerospace alpha
and beta grade

Ti-6Al-2Sn-4Zr-6Mo | Limited Aerospace alpha and beta
grade

Beta III Excellent Beta alloy

Ti-15V-3Al1-3Sn-3Cr | Excellent Beta alloy

Over the years, it has been observed that the most likely imperfections in fusion welds
are:

e Weld metal porosity.

e Embrittlement.

¢ Contamination cracking.

1.1.1 Weld Metal Porosity

Weld metal porosity is the most frequent weld defect. Jeffus (1997: 493) noted that
porosity arises when gas bubbles are trapped between dendrites during solidification. In
titanium welding, hydrogen from moisture in the arc environment; or contamination on
the filler and parent metal surface, is the most likely cause of porosity. According to the
Welding Technology Institute of Australia, ‘it is essential that the joint and surrounding
surface areas are cleaned by first degreasing, using steam, solvent, alkaline, or vapour.

Any surface oxide should then be removed by pickling (HF-HNO; solution), light

3



grinding or scratch brushing with a clean, stainless steel wire brush’ (www.wtia.com.au).
Fabricators and welders are strongly cautioned not to use ordinary steel brushes because
steel brushes would leave some iron particles on the welded surfaces, and cause

scratches. These would develop rust and cause, or increase the chances of corrosion.

1.1.2 Embrittlement

Titanium has a very high affinity for oxygen, nitrogen and hydrogen at temperatures
above 500°C (www.twi.co.uk). Weld metal contamination can cause embrittlement, by
either gas absorption or by dissolving contaminants such as dust (iron particles) on the
surface. Embrittlement through contamination with air and carbonaceous materials poses
a big threat to successful fusion welding of titanium (O’Brien, 1991: 72-86). Hence the
area to be welded has to be clean and protected by some inert gas shield while hot. Means
of protecting the weldment with inert gas are commercially available and easy to
implement. An efficient gas shield can be achieved by welding in an entirely enclosed
chamber, filled with the shielding gas, for a small component. The recommendation is
that the arc be struck on a scrap piece of titanium, termed ‘titanium-getter’, before
welding to eliminate oxygen from the atmosphere. In tube welding, an entirely enclosed
head is equally effective in shielding the weld and is preferred to orbital welding
equipment in which the gas nozzle has to be rotated around the tube. When welding in
the open, the torch is fitted with a trailing shield to protect the hot weld bead whilst
cooling. In this situation, the size and shape of the shield is determined by the joint
profile; while its length will be influenced by the welding current and travel speed

(www.wtia.com.au).

1.1.3 Contamination cracking

If iron particles are present on the component surface, they dissolve in the weld metal
causing a reduction in corrosion resistance, and a sufficiently high iron content causes
embrittlement (www.twi.co.uk). Iron particles are equally detrimental in the heat affected

zone (HAZ) where local melting of the particles form pockets of titanium-iron eutectic.



But ordinarily, there is no solidification cracking or hydrogen cracking (Inoue et al,
2002:56).

12  Welding

By selecting an appropriate technique in the welding of joints of titanium and its alloys,
the favourable properties of titanium; given by its metallurgical characteristics, can be
retained or reproduced in the end products. For instance, the oxide film forms equally
over welds and heat affected zones as it does over the parent metal. And this film is the
basis of the metal’s corrosion resistance. Weldments perform identically to their parent

metal in corrosion resistant services, except in few very harsh environments (Burges,

1989: 140-142).

Designers select materials with a view of the needs of the eventual products. The
constituents of the materials are considered since they could affect the needs of the
application of the products. However, the versatility of two basic compositions is such
that they continue to satisfy the needs of the majority of applications, and the resulting
level of common use remains a major factor in the cost effective production, procurement
and application of titanium. These two compositions are commercially pure titanium
(ASTM Grade 2) — selected for basic corrosion resistance, with strength in the range of
350 — 450MPa; and high strength titanium alloy (Ti-6A1-4V), with strength in the range
of 900 — 1100MPa (Cary & Helzer, 2005: 103-109). Welding consumables are readily
available for these grades. Although there are other weldable alloys, consumables for
them may need to be obtained from specialist sources (Hass, 2006: 9-10). The full range
of titanium alloys starts from high ductility commercially pure titanium, which is used
where extreme formability is essential, e.g. in applications such as plate heat exchangers
and architectural cladding and roofing; to fully heat treatable alloys, with strength above
1500MPa. Corrosion resistant alloys are capable of withstanding attack in the most
aggressive sour oil and gas environments or geothermal brines at temperatures above
250°C. High strength oxidation and creep resistant alloys are used in aero engines at

temperatures up to 600°C (Smith et al., 1999: 49-51). Under industrial circumstances



such as these, the welding process employed plays a significant role in ensuring that the
performance of titanium fabricated products match or surpass the overall valuable

properties of the metal; as required by the target clientele.

To the mutual benefit of the titanium industry and its end users, the improved
understanding of welded titanium; and the preservation of its properties after joining, are
essential. This will require proper steps towards increased flexibility in material selection
and use, modelled to improve quality and performance of the products and processes.
This will go a long way to confirming the technical superiority of titanium over other

materials, for even more engineering applications than at present.

1.3 Problem Statement

The use of titanium has been hampered by practical challenges in joining it, especially
welding (O’Brien, 1991: 66; Michelin, 2010: 213 and www.wtia.com.au). The properties
of the weld joints and heat affected zones are different from those of the rest of the
material not affected by heat due to welding (Askeland, 1996: 423-424 and Porter &
Easterling, 1995: 116-117). This difference in properties affects the ability of the
different sections of the joined material to withstand load stress (Boyer et al., 1994: 283)
equally. Also, the properties of welded titanium alloys were previously not well
documented (www.twi.co.uk). The high cost of titanium, its alloys, and their production
processes have discouraged many potential investors in the past from investing in their
development, production and use (Jeffus, 1997: 491-494). Consequently, there has
previously been less research work on it either, when compared to other metals and their
alloys (www.timet.com; www.wtia.com.au and www.twi.co.uk). This situation limits the
volume of data available for research purposes, and has not helped engineers, designers

and fabricators.



1.4  Specific Objectives of the Research

This research work is undertaken to know if welded titanium (grade 5) alloy pipes would
fail under stress caused by fluid flow through pipes in industrial operations. It will
contribute towards understanding the distribution of load stress along pipelines. Ti6Al4V
alloy pipes’ ability to withstand load stress can be determined by ascertaining if they
meet the industry acceptable stress limit of materials when put under maximum desired
load. So this study will help determine if the weldments along Ti6Al4V alloy pipelines
can withstand the effects of load stress during fluid flow. This work will also seek to
contribute towards determining the reliability of welded Ti6Al4V alloy pipes in
comparison with the unwelded ones. It will contribute towards determining the effect of
welding on the properties of Ti6A14V. It will help to determine the strength differences in
joined pipes compared to continuous pipes, as well as the comparison between seam
welded pipes and unwelded pipes. Welded titanium alloy pipes, having as much strength
as the unwelded alloys at the least, will add a lot of value to the industrial operations of
organisations concemed with the flow of fluid. It will contribute towards promoting the
use of titanium and its alloys in the production processes of major global economic

players like those in the oil and gas sector.

1.5 Value of the Research

Through this work, the use of titanium (grade 5) alloy pipes will be given much
consideration in industrial production operations. This work will contribute towards
making the science and practice of laying titanium alloy pipes easier to understand by
professionals involved in the relevant industries. In so doing, it will place engineers in a
better position to design and redesign titanium alloy pipe networks for use in industrial
operations; and fabricators will be better equipped to decide on the position of weld joints
in pipe networks too. Therefore, the works of the fabricators, welders and artisans will
have more value. With such easier understanding of welding positions, the design and
laying of titanium alloy pipe networks will become simple to carry out. Less time and

energy will be expended on pipe laying and general production processes in which



titanium alloy pipes will be used. This will result in a reduced cost of production. Hence
the affected industries will find this material cheaper to use, which will translate into an

increase in the value that titanium products will be adding to end users.

It is expected too that the resultant negative effects on the environment of using cheaper
alternative materials for pipes, which corrode and fail quicker than those made of
titanium alloys will be minimized, if not completely eliminated. Apart from humans,
other living things such as aquatic lives and plants suffer the consequences of
environmental pollution caused by leakages in fluid pipes e.g. oil spillage and air
pollution. These industrial accidents are sometimes as a result of pipe failure caused by
corrosion, and/or other properties of the pipe material (Hawkins, 2008: 8518 and Shehata
etal.,2008: 117-119). Ti6Al4V pipes will significantly reduce such harmful incidents.

1.6  Research Methodology

A literature study of titanium and its alloys, taking into account their availability, cost of
production, use, needs, and importance was reviewed; as a first step in this research.
Welding, and the practice of many of the existing welding processes was reviewed too. A
review of literature on the welding of titanium and its alloys was also done. Literature on
pipes, titanium, the different methods of joining titanium, finite element analysis, and the
structural analysis of pipes conveying fluid, was reviewed as well. Stress, strain,
displacement, and fatigue analyses of pipe models welded at different positions along
their lengths, using Gas Tungsten Arc Welding (GTAW) method, otherwise known as
Tungsten Inert Gas (TIG), was done.

A finite element method software, Pro/ENGINEER Wildfire 5.0, which uses the finite
element analysis technique was used to develop the pipe models. The same software was
used to run structural simulation analyses of the models. The different structural reactions
of these models, the data generated from the various simulations run, and the results of
these simulations are presented and discussed in this dissertation. The advantages and

shortcomings of the pipe models were taken into consideration in the analysis.



Experimental data obtained from on-going scientific and industrial research works were
studied as well. Results of the different processes of joining titanium and its alloys with
stainless steel, low carbon steel, and many other engineering materials were studied. The
results of completed research works relating to the response of pipes to the effects of
fluid flow through pipe conduits were used to compare with the results obtained in this
work. There were reduced pipe models of every model type, to compare with the “full”
models, and to check the accuracy of the finite element analysis. The reduced models
were further symmetrically constrained for more detailed analysis. Analytical hoop stress
value was calculated, and the von Mises stress results compared to the analytically

determined result.



Chapter 2 Review of FEA, pipes, welding, titanium, Ti4Al6V, and the

joining of titanium.

2.1 Introduction

In this chapter, the literature on pipes, the practice and science of welding, the different
welding processes, tools, materials and environmental conditions is reviewed. The
literature on titanium and the methods of joining it is also reviewed. A proper theoretical
understanding of existing welding processes, techniques, material composition and other
parameters is very crucial for the development of a process model. Research works that
contributed to the development of simulations and models of titanium welding processes
are reviewed, with the aim of identifying the parameters that influence weld quality; as
well as the inter-relationships of these parameters (Cary & Helzer, 2005: 5-9; David,
2003: 1022-1026 and David et al, 2005: 67-91). In this review chapter, attention will be
paid to those welding processes that have been employed in the joining of titanium and
its alloys, in different industries, and considering their effectiveness under the different

environmental conditions. Effects of stress on titanium weldments are reviewed too.

2.2 Finite Element Analysis (FEA)

Finite Element Analysis (FEA) is an approach that uses a numerical technique, the Finite
Element Method (FEM) to find approximate solutions to partial differential and integral
equations. And FEM is an analytical technique that predicts the responses of some
engineering systems to input forces/loads. It is a good method for solving partial
differential equations when domains change as is the case when a solid state reacts to a
moving boundary, or over complex domains like pipe networks among others (Strang &
Fix, 1973: 8). It is used to predict field quantities such as stress, velocity, displacement,
and temperature of structures under load. An important characteristic of FEM is meshing
— splitting a continuous domain into a finite set of discrete sub-domains known as
elements. The elements represent the characteristics of the parent (or continuous) domain,

with nodes at their comers or edges, and are connected to one another through those

10



nodes. The different quantities of interest such as displacement (for structures), pressure
(for fluid), or temperature (for heat transfer) are identified at each node; and are used to
develop equations based on the equilibrium of the nodes. For structures, the equation will
be basically put in the form:

iy = kl{d}
where

{f} = the forces working at the nodes

{d} = the displacements at the nodes

[k] = the element stiffness matrix

As the number of elements increases, the number of nodes will increase correspondingly,
resulting in more variables and, in effect, more equations to solve. When defined
properly, more elements give finite element models that closely represent the true
characteristics of the domain (Kuntjoro, 2006: 2-4). In application therefore, many real
life domains under FEM analysis have quite a large number of nodal equations. Hence,

the use of the computer is necessary in its application.

FEM allows detailed visualization of joints and bends, showing stress distributions and
displacements (www.ptc.com). It is used in the engineering design and development of
products in major sectors of the global economy such as the automotive, aeronautical,
and biomedical industries. A variety of FEM software packages exists, and they integrate
a wide range of options to control the modelling, simulation, and analysis of systems. The
software packages employ a sequence of three stages in their analysis. The stages are pre-
processing, solution process, and post-processing. Pre-processing includes geometric
preparation, selection of materials, application of loads, selection of elements,
discretization of the domain, and the specification of the boundary conditions and
constraints. Based on the pre-processing, the software automatically sets up the
equilibrium equations internally. These equations are then solved in the solution process
to produce the field values at the nodes. Post-processing is the presentation of the
analysed parameters (Kuntjoro, 2006: 2-4). This analysis allows the entire products’

designs to be constructed, refined, and optimized before they are manufactured. And this

11



has significantly reduced the time taken to see products from their concept to the
production line. FEM enhances product design and accuracy, reducing the number of
hardware prototypes of products, and resulting in a faster and less expensive design
cycle. The FEM software package used for this work - Pro/ENGINEER Wildfire 5.0

gives very good simulation results for structural (static and fatigue) design studies.

23 Pipes

Pipes are hollow cylinders used to convey fluid substances over distances. When many
pipes are joined together, they form a network. Pipe networks are commonly used to
move fluid from one point to another. They are made of materials with good properties to
avoid any damages that would arise if they fail, or are tampered with. Therefore, pipes

made of titanium alloys may be very reliable, considering the metal’s good properties.

McAllister (2005: 44) pointed out that at present, fluids conducted via pipes over long
distances include water, crude oil and fuel products such as paraffin oil (kerosene),
premium motor spirit (petrol), diesel, methane gas, marine fuel, and other petroleum
products. Pipes have specific sizes and standard designations. They may be manufactured
according to Nominal pipe sizes or by Outside diameter (OD) and wall thickness,
depending on industrial and government regulations (www.vogeltool.com). In practical
applications, pipeline systems in different geographical locations would differ in purpose,
operating environment, economic conditions, regulatory requirements, complexity, size,
and design philosophy (Kennedy, 1993: 5). Though costs for offshore pipelines are
significantly higher than the costs of pipelines on land, it is generally agreed that the
longer the pipeline, the lower the cost per kilometer; except in extreme environments
such as the Arctic or mountainous regions. For instance, a pipeline measuring a few
kilometers long usually costs considerably more per kilometer than a pipeline several
hundreds of kilometers long, even if both pipelines are of the same diameter and are laid
in a similar environment (Kennedy, 1993: 15-18). Therefore, fluid conduit operators
would be better off using pipelines made of reliable engineering materials very

extensively.
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24  Welding

Fabrication using high tonnage metal components invariably requires joining in some
form, and the metal should have the ability to be joined to itself and to other metals.
These joining methods include welding, brazing, soldering, riveting and bolting.
Titanium therefore, like any other metal, requires joining in order to be a useful structural
metal for such applications as in aircrafts, bridges, pipes, tanks, vehicles, and ships.
Moreover, for a joint to be useful, it must possess mechanical properties which meet the
service requirement specifications of the end product (Elmer & Wong, 2001: 1-11).
Presently, increasing scientific research and development of the techniques of titanium
Jjoining have reduced a previously seeming insurmountable problem to one of practical
solution with precautionary techniques (www keytometals.com). One of the most
resourceful activities in the world is welding. It is a fabrication process that is used to join
materials, usually metals or thermoplastics, by causing coalescence. Welding often
requires the use of heat, pressure or both, in the melting of a material before joining it to
another material. It could be by autogenous melting of the workpieces and adding a filler
material to form a pool of molten material (the weld puddle) that cools and solidifies to
become a strong joint, but sometimes pressure is used in conjunction with heat, or by

itself, to produce the weld (Weman, 2003: 31-38).

The most widely used method of joining metals is welding. In comparison with other
Jjoining methods such as riveting and bolting, it is stronger, weighs lighter, and is less
expensive. Welds hold together much of the joined materials and parts that are made to
become heavy industrial equipment and facilities the world over. They make possible,
metal bridges, office buildings, and high-pressure tanks; as well as all sorts of high-
technology devices. Our safety while driving in cars, flying in aircrafts, sailing in ships
etc; depend in part, on the reliability of more than 3,000 welds (Elmer & Wong, 2001: 2).

The results could be catastrophic if a weld were to fail in most practical applications.

The most common method employed in joining titanium, like most other metals in

industrial application, is welding. Though there were lots of difficulties at attempts to
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weld titanium initially, such problems can be overcome with the application of proper
techniques, owing to extensive experiments and scientific investigations. Provided the
beta content is not too high, and additional contamination is not caused by the
surrounding atmosphere too; a sound weld with good properties as-welded, can be
achieved by selecting materials of low interstitial content, as the chemical analysis of
such selected materials would show (Danielson et al., 2003: 2-7). The careful choice of
such titanium alloy composition and welding parameters will result in sound welds
embodying ductility, resistance to impact loading, and strength (Donachie, 2000: 6-13

and (www.keytometals.com).

With low interstitial content, unalloyed titanium is readily weldable. However, the typical
alpha-beta alloys, containing manganese, chromium, iron, vanadium, and molybdenum;
when welded, usually have a much lower bend ductility and notch toughness. Bend
ductility and notch toughness decrease severely as the total alloy content of beta
stabilizing elements increases. Such alloys may contain amounts of the alpha stabilizers,
aluminum and tin, to permit greater alloy content without further loss of ductility. Beta
alloys are lean in alpha stabilizers, rich in beta stabilizers, so that the beta phase can be
completely retained with appropriate cooling rates. They are unstable, and can be
strengthened by the precipitation of alpha phase, though they are higher in density than
comparable alpha-beta alloys (Danielson et al., 2003: 2-7 and Donachie, 2000: 6-13).

Over the years, the materials used by welders have changed. Today, they include not just
metals but also polymers, ceramics, and composites. Lasers, electron beams, and plasma
arcs supplement traditional electric and torch welding methods. Yet for all this history,
sufficient knowledge about titanium welding processes is surprisingly sparse, when
compared to the welding processes of other metals. For instance, forge welding has been
around almost since people began to work with metals. In the late 19th century, Sir
Humphrey Davy discovered the electric arc, and modem welding was bom (Elmer &
Wong, 2001: 1). According to www.azom.com, such conventional welding methods and
inspection techniques are not adequate for predicting a weld’s evolution in time. Welding

may be old, but the science of welding is still developing.
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When two pieces of material are being welded together, high heat rapidly melts the solid
material. It then quickly cools and solidifies again as the heat source moves away.
Adjacent to the immediate weld area, or fusion zone, is the heat-affected zone (HAZ). As
the name HAZ implies, the material there is affected by the high heat of the welding
process but does not melt, though some degree of heat causes microstructural changes in
materials. Elmer and Wong (2001: 4) and David et al. (2005: 67-81) noted that when a
material is welded, the applied heat causes phase change, due to the change(s) in the
crystalline structure of the material. These microstructural changes can affect the strength
of the material as well as its corrosion resistance, ductility, and mechanical properties.
The quality (or integrity) of the weld therefore, can either be enhanced or reduced by any
or all of these changes. A very clear understanding of such changes will help to predict
their occurrences. Hence real experimental data during welding are needed, to increase an

understanding of the details of such welding processes.

24.1 Welding processes

Commercially pure titanium and most titanium alloys can be welded by procedures and
equipment used in welding austenitic stainless steel and aluminum. They are joined by
various fusion-welding processes. Some of such processes include:

e (Gas-tungsten arc welding (GTAW)

e (Gas-metal arc welding (GMAW)

e Plasma arc welding (PAW)

e Electron-beam welding (EBW)

e Laser-beam welding (LBW)

o Friction welding (FRW)

® Resistance welding (RW)

Other welding processes like electroslag welding, submerged arc welding, flux-cored arc
welding also exist. Though these processes are very useful in many industrial
applications, this research will not pay particular attention to them, but to the commonly

applied gas-tungsten arc welding (GTAW). Fluxes cannot be used with any of GTAW,
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GMAW, PAW, EBW, LBW, FRW and RW processes because they combine with

titanium to cause brittleness, and possibly, reduced corrosion resistance too.

24.1.1 Gas-tungsten arc welding (GTAW)

This is also known as Tungsten Inert Gas (TIG) welding. It is an arc welding process that
uses a non consumable tungsten electrode to produce the weld. The weld area is protected
from atmospheric contamination by a shielding gas (usually an inert gas such as argon or
helium), and a filler metal is normally used, though some welds, known as autogenous
welds, do not require it. A constant-current welding power supply produces energy which
is conducted across the arc through a column of highly ionized gas and metal vapors

known as plasma (Sista ez al., 2000: 4813-4825).

GTAW is most commonly used to weld thin sections of stainless steel and light metals
such as aluminium, magnesium, copper alloys, and titanium. The process grants the
operator greater control over the weld than competing processes such as shield metal arc
welding and gas metal arc welding; allowing for stronger, higher quality welds. However,
GTAW is comparatively more complex and difficult to master, and furthermore, it is
significantly slower than most other welding techniques, even though it is low on capital
and running costs (Minnick & William, 1996: 84). Among arc welding processes, GTAW
ranks the highest in terms of the quality of weld produced. Maximum quality is assured
by maintaining cleanliness during operation — all equipment and materials used must be
free from oil, moisture, dirt and other impurities; as these cause weld porosity and

consequently a decrease in weld strength and quality.

GTAW is the most widely used process for joining titanium and titanium alloys except
for parts with thick sections. Tables 2.1 to 2.2 give the bend strength of materials that can
be used in GTAW processes and the type of weld that will result from the process.
Square-groove butt joints can be welded without filler metal, in base metals with

thickness of up to 2.5mm. For thicker base metals, the joint should be grooved, and filler
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metal is required. Tables 2.3 show the impurity content, in percentage by weight, of

Commercially Pure titanium filler materials (Danielson et al., 2003: 2-7).

Table 2.1: Bend Strength of Materials and Welds.

Bend Strength | CP-Ti  (Filler) | CP-Ti Plate Low Oxygen | High |
MPa (ksi) Rod Weld Oxygen
Weld
N/A 109 (16) 73.3 (10.6) 275 (4.0)

Table 2.2: Types of Weld.

TYPE OF WELD | IMPURITY CONTENT (wt%)

Oxygen Nitrogen Carbon
Low Oxygen Weld | 0.190 0.050 0.019
High Oxygen Weld | 0.437 0.392 0.038

Table 2.3: Impurity content (wt%) of CP-Ti filler materials.

WELD FILLER | Oxygen Nitrogen Carbon
(MATERIAL)

CP-Ti (Filler) Rod 0.189 0.001 0.029
CP-Ti Plate 0.189 0.007 0.021

During GTAW process, the heated weld metal in the weld zone should be shielded from
the atmosphere to prevent contamination with oxygen, nitrogen, and carbon, which will

degrade the weldment ductility (Minnick & William, 1996: 83-84).

Though gas tungsten arc welding is most commonly used to weld stainless steel and
nonferrous materials, such as aluminium and magnesium, it can be applied to nearly all
metals, with notable exceptions being lead and zinc. Its applications involving carbon
steels are limited not because of process restrictions, but because of the existence of more
economical steel welding techniques, such as gas metal arc welding and shield metal arc

welding (Folkhard et al., 1987:52).
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2.4.1.2 Gas-metal arc welding (GMAW)

This is used to join titanium and titanium alloys with thickness of more than 3mm. It is
applied using pulsed current or the spray mode and is less costly than GT AW, especially
when the base metal thickness is greater than 13mm. It is sometimes referred to, by its
subtypes — metal inert gas (MIG) welding or metal active gas (MAG) welding. It is a
semi-automatic or automatic arc welding process in which a continuous and consumable
wire electrode and a shielding gas are fed through a welding gun. A constant voltage,
direct current power source is most commonly used with GMAW, but constant current
systems, as well as alternating current, can be used. Generally, it is unsuitable for welding
outdoors, because the movement of the surrounding atmosphere can cause the dissipation
of the shielding gas and thus make welding more difficult, while also decreasing the
quality of the weld. The problem can be alleviated to some extent by increasing the
shielding gas output, but this can be expensive. The four primary methods of metal
transfer in GMAW are globular, short-circuiting, spray, and pulsed-spray. Each of which

has distinct properties and corresponding advantages and limitations (Weman, 2003: 97-
98).

In most of its applications, gas metal arc welding is a fairly simple welding process to
learn, requiring no more than several days to master the basic welding technique.
However, even when performed by well trained operators, the weld quality can fluctuate,
since it depends on a number of external factors. All GMAW operations are dangerous,

though perhaps less so, than some other welding methods.

2.4.1.3 Plasma arc welding (PAW)

Plasma arc welding is an advancement over the GTAW process. It is also applicable in
Joining titanium and titanium alloys (Yang et al., 2000: 177-181). This is an arc welding
process similar to gas tungsten arc welding (GTAW). The electric arc is formed between
an electrode (which is usually but not always made of a sintered tungsten) and the

workpiece. The key difference from GTAW is that in PAW, the electrode is positioned
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within the body of the torch. This separates the plasma arc from the shielding gas
envelope. The plasma is then forced through a fine-bore copper nozzle which constricts
the arc and the plasma exits the orifice at high velocities (approaching the speed of
sound) and a temperature approaching 20,000 °C. It is faster than GTAW and can be used
on thicker sections such as one-pass welding of plates that are up to 13mm thick, using

keyhole techniques (Weman, 2003: 127-128).

This process uses a non-consumable tungsten electrode and an arc, constricted through a
fine-bore copper nozzle. PAW can be used to join all metals that are weldable with
GTAW (i.e., most commercial metals and alloys). Several basic PAW process variations
are possible by varying the current, plasma gas flow rate, and the orifice diameter. It has
a greater energy concentration than GTAW, though PAW requires relatively more
expensive and complex equipment. Proper torch maintenance in PAW is very critical and

“welding procedures tend to be more complex and less tolerant to variations in fit-up, etc.

2.4.1.4 Electron-beam welding (EBW)

This is used in the aircraft and aerospace industries for producing high-quality welds in
titanium and titanium alloy plates, ranging from 6mm to 75mm thick. It is a fusion
welding process in which a beam of high-velocity electrons are applied to the materials
being joined. Since the electrons are in motion, they posses kinetic energy. And as the
kinetic energy of the electrons is transformed into heat upon impact, the work pieces
melt. The filler metal too, if used, melts to form part of the weld. Pressure is not applied,
and a shielding gas is not used, though the welding is always done in a high vacuum

chamber to prevent dispersion of the electron beam (Yunlian et al., 2000: 177-181).

In this process, according to Cary & Helzer (2005: 202-206), the electrons strike the
workpiece, instantly vaporizing the metal under temperatures near 25,000°C. The heat
therefore penetrates deeply, making it possible to weld much thicker workpieces than is
possible with most other welding processes. However, the total heat input is actually

much lower than that of any arc welding process, because the electron beam is tightly
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focused. As a result, the effect of the welding; on the surrounding material is minimal,
and the heat-affected zone is small (Chaturvedi et al., 1999: 130-134). The distortion here
is slight, and the workpiece cools rapidly. In this welding process, the amount of heat
input, and thus the penetration, depends on several variables, most notably the number
and speed of electrons impacting on the workpiece, the travel speed, and the diameter of
the electron beam. Greater beam current causes an increase in heat input and penetration,
while higher travel speed decreases the amount of heat input and reduces penetration. The
diameter of the beam can be varied by moving the focal point with respect to the
workpiece - focusing the beam below the surface increases the penetration, while placing
the focal point above the surface increases the width of the weld. Since the welding is

performed in a high-vacuum atmosphere, low contamination of the weldment is achieved.

EBW is very suitable for the welding of CP-Ti sheets. Using this process, the welding
seam can be obtained without defects (Yunlian ef al., 2000: 179). EBW can be employed
in the joining of Ti Al-based alloys, though with solid state cracking, due to the intrinsic
brittleness of the microstructure, and the high thermally induced stresses (Schultz &
Helmut, 1993: 72). With careful selection of welding parameters, using the continuous
cooling transformation (CCT) diagrams of the materials to be welded as guide, crack-free
welds can be obtained. This way, the microstructural changes are controlled, and in

effect, the cracking susceptibility of the welds (Chaturvedi et al., 1997: 239-240).

2.4.15 Laser-beam welding (LBW)

In this technique, a laser beam is used to join multiple pieces of metal. The beam
provides a concentrated heat source, allowing for narrow, deep welds and high welding
rates. The process is frequently used in high volume applications. It is increasingly being
used to join titanium and titanium alloys. Square-butt weld joint configurations can be
used, and the welding process does not require the use of vacuum chambers, although gas
shielding is still required. According to Smith et al (1999: 8) this process is more limited

than electron-beam welding regarding base metal thickness, which usually cannot exceed
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13mm. Yet, like electron beam welding, it has high power density (on the order of
1 MW/cm?) resulting in small heat-affected zones, and high heating and cooling rates.
The spot size of the laser beam can vary between 0.2 mm and 13 mm, though only the
smaller sizes are used for welding. The depth of penetration is proportional to the amount
of power supplied, but is also dependent on the location of the focal point. The
penetration is maximized when the focal point is slightly below the surface of the

workpiece.

LBW is a versatile process, capable of welding titanium and other metals and alloys such
as carbon steel, stainless steel and aluminum. The weld quality is high, and similar to that
of electron beam welding. The speed of welding depends on the amount of power
supplied, and on the type and thickness of the workpieces too. The high power capability
of laser beam welders makes them especially suitable for high volume applications

(Weman, 2003: 97-98).

2.4.1.6 Friction welding (FW)

Friction welding is a group of solid-state welding processes where heat generated through
mechanical friction between moving workpieces is used, with the addition of an upsetting
force, to plastically displace the metal at the weld. It involves holding two components in
axial alignment. In FW, there are a number of process variations, and many dissimilar
metal combinations can be joined. This process is useful in joining tubes, pipes, or rods,
where joint cleanliness can be achieved without shielding. At high temperatures such as
those used for joining titanium, all heat treating atmospheres contain some hydrogen;
except in cases where inert gases, salt baths or high vacuum are employed. The presence
of hydrogen could be as a result of the breakdown of water vapour when an electric
furnace is used under air atmosphere, or even as a by-product of incomplete combustion
in the use of hydrocarbon fuel (Donachie, 2000: 9-12, 337). Since welding involves more
than one alloy or material, titanium hydrides are formed along the weld interface when
hydrogen migrates from one alloy to another (Fuji, et al, 2001: 26). Hydrogen
contributes to the embrittlement of the weld. Adams (1958: 210) stated that the
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embrittlement of titanium alloys by hydrogen is difficult to avoid, especially when
dissimilar alloys are welded to each other. When theoretical considerations are made, the
combined effects of hydrogen diffusion in metals are considered, because they affect the
gradient in interstitial concentration, temperature, stress, and solvent composition. As in
most other solids, Fick’s laws describe the diffusion problems in metals. The most
applicable one being:

J=-D(dC/dx) =-DAC 2.1
where,

J is the flux of diffusing atoms

C is the concentration

D is the diffusion coefficient.

There are many types of friction welding processes. Some of the processes (techniques)
are used in joining metals, and there are others used in joining thermoplastics. In this
dissertation, the different types of friction welding will not be treated in detail. However,
they include the following, two of which will be reviewed as sample FW techniques.

e Linear friction welding

e Friction stir welding

e Spin welding

e Friction surfacing

e Linear vibration welding

e Orbital friction welding

e Angular friction welding and

e Inertia friction welding

Figure 2.1 illustrates the principle employed in the friction welding process (Sluzalec,
1988:53).
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Figure 2.1: Principle of friction welding process. (A) Store kinetic energy in flywheel
and apply controlled end force. (B) Rotation ceases and weld is complete (Sluzalec,
1988:53).

24.1.6.1 Linear Friction Welding (LFW)

Linear Friction Welding (LFW) is a solid phase, machine tool based process that is used
in joining complex geometry components. It involves the use of linear reciprocating
motion, where a component is rubbed across the surface of another rigidly clamped
component. It is seen as a key technology for the aerospace industry as it enables the
joining of materials that are ordinarily difficult to bond. It can be used to build the
complex structures required for today's gas turbines, and as a repair process as well.
Essentially, it is a non-melting joining process producing high integrity welds, requiring

little prior surface preparation (Threadgill, 2008: 335-340).

According to Vairis & Frost (2000: 8-17), when the parts to be welded are forced into
intimate contact, a fully reversed motion is imposed on parts of the system. This
generates frictional heat in the immediate region about the weld plane, thereby softening
a finite volume of the material. As the weld proceeds, a portion of this visco-plastic layer

is extruded at the periphery of the weld interface, in rippled sheets of metal known as
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flash. This should ensure that any interfacial contaminant is expelled. The combination of
fast joining times of the order of a few seconds, and the direct heat input at the weld
interface, gives rise to relatively small heat affected zones; which effectively limits
process induced distortions. However, some judicious selection of components’ geometry

has to be applied.

Though very little research has been done in the area of LFW, it is generally accepted
that friction welding can be separated into three possible stages, namely:

(i) A dry friction stage

(il)  Anincreased asperity contact

(ili)  Some sort of steady state, once the relatively high weld temperature has been

acquired.

However, it is not clear how surface contaminants are removed, especially from the mid-

point of the weld.

2.4.1.6.2 Friction Stir Welding (FSW)

Friction stir welding (FSW) is a novel welding technique invented by The Welding
Institute (TWI) in 1991. FSW is actually a solid-state joining process that is a
combination of extruding and forging and is not a true welding process (Smith et al.
1999: 49). Smith et al. (1999: 52-57) concluded that FSW has several advantages over
fusion welding, including energy efficiency and minimal usage of consumables. Also, it
produces desirable microstructures in the weld and heat-affected zones. It is environment
friendly (no fumes, noise, or sparks), has the ability to successfully join materials that are
"unweldable" by fusion welding methods, and produces less distortion than fusion
welding techniques. These are due to the fact that the process occurs at a temperature
below the melting point of the work piece material. The tensile properties of friction stir
welded Ti-6Al-4V are shown on table 2.4. Friction stir welding uses a cylindrical,
shouldered tool with a profiled pin that is rotated and slowly plunged into the joint line

between two pieces of sheet or plate material, which are butted together. Frictional heat is
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generated between the wear resistant welding tool and the work piece. This heat causes
the work piece material to soften without reaching the melting point and allows the tool
to traverse the weld line (Russell, 2003:3). As it does, the plasticized material is
transferred from the leading edge of the tool to the trailing edge of the tool shoulder and

pin. It leaves a solid phase bond between the two work pieces.

Table 2.4: Tensile properties of selected welds in 6.35 mm thickness of Ti-6Al-4V
(Russell, 2003 :4).

SAMPLE | SECTION AREA | MAXIMUM | MAXIMUM | ELONGATION
NUMBER | (mm?) LOAD (kN) | STRESS (%)
(N/mm?)

Parent - - 1335.0 14.0

w5.7A 66.0 67.3 10.2 8.5

w5.7B 65.7 64.8 986.0 8.5

w5.18A  |60.2 64.3 1068.0 8.0

w5.18B | 61.2 65.1 1064.0 7.5

2.4.1.7 Resistance welding (RW)

This is used to join titanium alloy sheet and other metals by either spot welds or
continuous seam welds, according to Shigley (1986: 353). It is also used for welding
titanium sheet to dissimilar metals, that is, cladding titanium to carbon or stainless steel
plate. RW refers to a group of welding processes that produce coalescence of faying
surfaces, where heat to form the weld is generated by the resistance of the welding
current, through the workpieces. Some of the factors that influence the heat or the
welding temperatures are the proportions of the workpieces, the electrode materials,
electrode geometry, electrode pressing force, weld current and weld time, etc. Small
pools of molten metal are formed at the point of the highest electrical resistance (the
connecting surfaces) as a high current (100-100 000A) is passed through the metal.

Generally, resistance welding methods are efficient and cause little pollution to the
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environment, but their applications are limited to relatively thin materials and the

equipment cost can be high (David et al., 2005: 85-91).

25 Filler material and electrodes

25.1 Filler-metals

Metals added in the making of a joint through brazing, soldering, or welding are filler
metals. Filler-metal composition is usually matched to the grade of titanium being
welded. For improved joint ductility in welding the high strength grades of Commercially
Pure titanium, filler metal of yield strength lower than that of the base metal is
occasionally used. Because of the dilution that occurs during welding, the weld deposit
acquires the required strength. Unalloyed filler metal is sometimes used to weld Ti-5A1-
2.5Sn and Ti-6A14V for improved joint ductility (www.timet.com). The use of
unalloyed filler metals lowers the beta content of the weldment, thereby reducing the
extent of the transformation that occurs and improving ductility. However, the approval
of an experienced fabricator is reccommended, when using pure filler metal to ensure that

the weld meets strength requirements (Donachie, 2000: 4-5).

Another option is filler metal containing lower interstitial content (oxygen, hydrogen,
nitrogen, and carbon) or alloying contents that are lower than the base metal being used.
The use of filler metals that improve ductility does not preclude embrittlement of the
HAZ in susceptible alloys. In addition, low-alloy welds may enhance the possibility of

hydrogen embrittlement.
25.2 Shielding gases
Shielding gases in welding titanium and titanium alloys are argon and helium, and

occasionally; a mixture of these two gases is used for shielding. However, argon is more

widely used; just because it is more readily available and less costly as well.
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25.3 Electrodes

The American Welding Society and the International Organisation for Standardization
have standardized a number of tungsten alloys in AWS AS5.12 and ISO 6848 respectively;
for use in GTAW electrodes. Tungsten’s melting temperature of 3,410°C is the highest
among pure metals, hence, electrodes used in GTAW are made of it or its alloys (Weman,

2003: 31-38). Table 2.5 below, gives a summary of standardized tungsten alloys, for use

in GTAW electrodes.

Due to the high melting temperature of tungsten, it is not consumed during welding, even
though some bum-oft (erosion) can occur. Electrodes can either be clean finished — when

they are chemically cleaned, or ground finished ~ when they have been ground to a

uniform size and their surfaces polished.

Table 2.5: Tungsten alloys, for use in GTAW electrodes (Minnick & William 1996:

84).
ISO Class ISO Colour AWS Class AWS Colour Alloy
wp Green EwWP Green None
wc2o Gray EWCe-2 Orange 2%Ce0,
WLI10 Black EWLa-1 Black 1%La;0;
WLI5 Gold EWLa-1.5 Gold 1.5%La;0;
WL20 Sky-blue EWLa-2 Blue 2%La04
wrTl0 Yellow EWTh-1 Yellow 1%ThO,
w120 Red EWTh-2 Red 2%ThO,
w130 Violet 3%ThO,
Wwr40 Orange 4%ThO,
4 ¢1/] Blue 2%Y,0;
wZz3 Brown EWZr-1 Brown 0.3%Zr0O,
wzs White 0.8%Zr0,
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2.6 Titanium

Titanium and its alloys have very good physical properties - high strength, low density,
good creep resistance of up to about 550°C, corrosion resistance, among others
(Barksdale & Jelks, 1968:738; Boyer et al., 1994: 346; Clark & Varney, 1965: 52-57 and
www.timet.com). Practical and comparative welding processes have shown that over
time, titanium provides technical and economic advantages in a wide range of production
processes, in many high investment industries (www.timet.com, 2005 and Boyer et al.,

1994:483-489).

The light weight and flexibility of titanium pipes make it an excellent material for deep
sea production risers in petroleum exploration and production. The world over, it is the
preferred material in desalination plants because it shows virtually no corrosion in sea
water. And since it shows immunity to attack by sea water, it is the material of choice for
topside water management systems (www.timet.com). In the acrospace industry, titanium
is used in the manufacture of airframe structure, billet and bar, and for critical jet engine
rotating applications like fan blade plates; mainly due to its elevated temperature
properties, corrosion resistance, toughness, good fatigue strength, high rigidity-to-weight
ratios, and outstanding strength-to-weight ratios (Donachie, 2000:10). In industrial
application, this favourable density means that the differential cost of material required
for production is reduced, when equipment costs are considered in ‘per unit area’ of
measurement, rather than in ‘per unit kilogram’. In other words, less titanium material is
required to do the same job, based on strength, than those of its competitors — ferrous and
nickel based metals. Furthermore, when titanium is used properly, the only criteria
needed to specify any system’s wall thickness are pressure and structural requirements; as
titanium would not require any corrosion allowance. And because it is very resistant to
corrosion, the resultant lower failure rates give reduced downtime, less maintenance and

total low cost (www.timet.com).

28



Apart from the industries mentioned above, titanium is being put to very significant use
in some other sectors of human endeavour. Such sectors include the military — where
titanium’s strength-to-weight ratio and superior ballistic properties make it well suited for
armour application; medical — for medical replacements such as knee and hip implants,
because it is completely inert to human body fluids; sports — for bicycles and golf club
heads because of its light weight. Titanium and its alloys are also very useful in
architecture because of their resistance to corrosion, environmental inertness, light
weight, high strength and low thermal expansion, which are very good attributes of

materials considered in architectural designs (Boyer et al., 1994: 483-489).

2.7 Ti6Al4V

Presently, Ti6Al4V contributes more than fifty percent of all titanium tonnage used
globally, according to www.timet.com. This alloy of titanium is known for its high
strength at low to moderate temperatures, having a high strength-to-weight ratio, stability
at temperatures up to 400°C (750°F), excellent mechanical properties, and good corrosion
resistance (Smallman & Ngan, 2007: 341-345). This alloy is used in the aerospace
industry in the manufacture of airframes, turbine engines, and other engine components
such as discs, blades and wheels. Since the alloy has good diffusion-bonding
characteristics, it enables the fabrication of complex structures, when combined with
superplastic forming (Campbell, 2006: 120-132). Castings of titanium (grade 5) alloy are
used as boosters to the external tanks, and to attach the main external fuel tanks to Space
Shuttles. In the petrochemical industry, it is used as a major material in the fabrication of
heat exchangers (Askeland, 1996: 427-431). Due to the fast growing high cost of oil, and
its importance as a primary source of energy globally, the application of titanium and its
alloys as material for pipes and tanks in the oil and energy sector is enjoying a lot of

attention (Chabak, 2010: 8-9 and Tivelli, 2004: 10-14).
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2.8 Titanium welding

In practical applications, many pipes are joined together in order to have an effective
piping system to facilitate the flow of fluid to the desired points. Welding is a very good
technique of joining pipes. Previous works by Kalpakjian (1989: 38-40) and Fuji et al.,
(2001: 25-29) show that welding has the potential of affecting material properties.
Generally, welding increases strength and hardness, while decreasing the tensile
properties and (bend) ductility of materials. In all types of welds, contamination by
interstitial impurities such as oxygen and nitrogen must be minimized, to maintain useful
ductility in the weldment. Alloy composition, welding procedure, and subsequent heat
treatment are highly important in determining the final properties of welded joints
(Smith, 1981: 51-63). All alloys, including titanium alloys, can be joined by solid state
processes. The weldability of titanium alloys is usually assessed on the basis of the
toughness and ductility of the weld metal (Hass, 2006: 5). Titanium grade 5 alloy may be
joined by any of the wide variety of conventional fusion and solid-state processes,
although its chemical reactivity would require some particular measures and procedures

(Boyeret al., 1994: 491-494).

Gas Tungsten Arc Welding (GTAW) has been the preferred technique for welding
titanium because among arc welding processes, it ranks highest in terms of the quality of
weld produced (James et al., 2005: 64-65). More so, GTAW is currently the most widely
used process for joining titanium and titanium alloys industrially (James et al., 2005: 62).
Hence it had to be the process considered ahead of the rest. The GTAW process grants
the operator greater control over the weld than competing processes, since it is
significantly slower than most other welding techniques. It is a welding process that is
low on capital and running costs. And with proper procedures, extreme cleanliness — to
avoid porosity and weld cracking; Ti6Al4V may be welded very successfully using this
technique (Porter & Easterling, 1995: 113). The quality of the weld will be appreciably
higher when all equipment and materials used are free from oil, moisture, dirt and other

impurities (James et al., 2005: 63 and Porter & Easterling, 1995: 114-115).
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29 The heat affected zone

Thermal effects from welding cause metallurgical and mechanical changes in materials.
Distortion, grain growth, residual stresses, recrystallisation, and other changes in

mechanical properties, may occur due to changes in the microstructure of the materials

under analysis (Askeland, 1996: 428-429). The phase diagrams in Figures 2.2, 2.3 and
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Figure 2.2: The Titanium Aluminium Phase Diagram (expressed in atomic percent)
(Smith, 1981: 51)

2.4 illustrate the resultant effect on the phase composition and microstructure of the
sections of the materials affected by the heat (due to the welding), which causes various

phase transformations within such portions of the material. Therefore, the mechanical

31



properties and microstructure of the heat affected zone become different from those of

the parent materials (Porter & Easterling, 1995: 116-117).
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Figure 2.3: The Titanium Aluminium Phase Diagram (expressed in weight

percent). (Smith, 1981: 54).
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Mathematically, the width of the heat affected zone is calculated using the formula
(Adams, 1958: 210):

1 _4.13,0CtY+ 1
T -T H T -T

P 0 net m 0

2.2

where

Y = the width of the heat affected zone
T, = the peak or maximum temperature (°C ), at a distance, Y(mm), from the weld
fusion boundary.
T = initial uniform temperature of the material (°C)
T = melting temperature (°C) [specifically, liquidus temperature of the metal

being welded]
HEI

H,, = netenergy input = 7 J/mm

[E = volts; I = amperage; f, = heat transfer efficiency; V = travel velocity of heat
source]

p = density of material, g/ mm’

C = specific heat of solid metal, J/g . °C

pC = volumetric specific heat, J/mm’.°C

t = thickness of sheet or plate, mm

[t should be noted that the above equation does not apply within the weldment, but only

in the adjacent heat affected zone].

At Y = O, the equation shows that T, = T,,

This is consistent with the requirement that the peak temperature at the weld fusion
boundary equals the melting temperature. The peak temperature decreases with
increasing distance from the weldment because heat decreases with increasing distance

from its source.
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By increasing or decreasing the input energy, and the volume of material (metal) heated
above certain temperatures, the width of the heat affected zone can be controlled. Apart
from determining the width of the heat affected zone, the formula can also be used to:

- Show the effect of pre-heat on the width of the heat affected zone; and

- Determine the peak temperatures at specific locations within the heat affected

zone.
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Figure 2.4: The Titanium Vanadium Phase Diagram (Smith, 1981: 56).
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According to Clark & Varney, 1965: 447 and Askeland, 1996: 427-429; titanium (grade
5) alloy is an alpha-beta alloy containing two phases (Figure 2.5). A good annealing
process can be used to improve its microstructure, and mechanical properties. A beta-
stabilizing element is present in a high percentage in this alloy, and is responsible for a
microstructure that is metastable beta, after solution annealing. At room temperature, a
proper balancing of the alpha and beta stabilizers produces a mixture of alpha and beta

phases (Smallman & Ngan, 2007: 342-343),

Ti: 6%Al: 4%V

1066'C

| Beta Transus
| p
\I
‘I\f 954'C
RN
| \\
[+ Y 843'C
\
| Ms
\
a a1 f-a
I

Ti-6A1 4% Wt % Vanadium ———p

Figure 2.5: Pseudo-binary phase diagram of Ti6Al4V (Smith, 1981: 61).

Temperature
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When heated slightly below the beta transus temperature, a small amount of alpha is
retained to prevent grain growth (the movement of grain boundaries by diffusion), and to
reduce the amount of grain boundary area, thus causing small grains to ease off while
those left become larger (Figure 2.5). With a proper cooling rate maintained, very good
and uniform properties (high ductility, formability, good fracture toughness, high
strength, low fatigue crack growth rate, and good resistance to creep) are achieved
(Stoloff & Sikka, 1996: 299-310). Precipitation of alpha during ageing can be used to
strengthen the alloy (Porter & Easterling, 1995: 115).

2.10 Factors considered in the welding of titanium

In the joining of materials, many factors of the processes of welding are considered. So in
the welding of titanium, some factors of its welding processes have to be taken into
consideration too. Such factors include costs, as shown in Table 2.6; the common
commercial grades and alloys of titanium and their compositions (Table 2.7); as well as
the design of the welded joints (Table 2.8). Other important factors to consider are, the
composition of the electrode used in the welding processes (Table 2.9), the ease with
which the different processes can be carried out (Table 2.10), the strength and durability
ofthe welds, and the intended use(s) of the welded products.

Table 2.6: Comparison of Welding processes based on Cost (Donachie, 2000:209).

COST

FACTOR EBW PAW GTAW GMAW
Equipment Very high Moderate Low High
Welding (Less | Low Low High Moderate
equipment)

Wire required | No Sometimes Often Always
\Y% groove | No No Often Always
required

Distortion Very Low Moderate Very high High
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Table 2.7: Nominal Chemical composition of common commercial titanium alloy

grades (www.timet.com).

Residuals,

gf;fé\: I:lax lS‘lax ll;l"lax li\:'leax l(\)/lax Al M Ni Mo Nb Cr Zr Pd l‘:"laax L‘::‘

1 00 |00 |0015 |02 |01 | — — — — — — — — 0.1 | 040
3 8 0 8 0

2 00 |00 |0015 |03 |02 |— — — — — — — — 0.1 |040
3 8 0 5 0

3 00 |00 |0015 |03 |03 |— — — — — — — — 0.1 | 040
5 8 0 5 0

5 00 |00 (0015 (04 |02 |55-675|3.5- — — — — — — 0.1 | 040
5 8 0 0 4.5 0

7 00 |00 |0015 (03 |02 |— — — — — — — 12- 0.1 | 040
3 8 0 5 .25 0

9 00 |00 |0015 (02 |01 |2535 2.0- — — — — — — 0.1 | 040
3 8 5 5 30 0

11 00 |00 |0015 |02 |01 |— — — — — — — A12- 0.1 | 040
3 8 0 8 25 0

12 00 |00 |0015 (03 |02 | — — .6-9 2-4 — — — — 0.1 | 040
3 8 0 5 0

16 00 |00 |0015 (03 |02 | — — — — — — — .04- 0.1 | 040
3 8 0 5 .08 0

17 00 |00 0015 |02 |01 |— — — — — — — .04- 0.1 | 040
3 8 0 8 .08 0

18 00 [00 (0015 |02 |01 |2535 2.0- — — — — — .04- 01 | 040
3 8 5 5 3.0 .08 0

19 00 100 10020 |03 |01 |3.040 7.5- — 3.5- — 5.5- 3.5- — 0.1 | 040
3 5 0 2 8.5 4.5 6.5 45 5

20 00 |00 0020 {03 |01 |3.040 7.5- — 3.5- — 5.5- 3.5- .04- 0.1 | 040
3 5 0 2 85 4.5 6.5 4.5 08 5

21 00 |00 |0015 |04 |01 |2535 — — 14.0- 2.2- — — — 0.1 | 040
3 5 0 7 16.0 32 0

23 00 |00 | 0015 |04 |01 |556.5 3.5- — — — — — — 0.1 | 040
3 8 0 3 4.5 0
00 |00 | 0015 |04 |01 |2535 — — 14 .0- 2.2- — — .04- 0.1 | 040
3 5 0 7 16.0 32 .08 0

The design, welding and fabrication of titanium (grade 5) alloy pipe joints are performed

bearing in mind that welded products begin to show signs of failure at the weldments

(Den Hartog, 1961: 41-63). Therefore, the composition of any electrode(s) used is such

that its material properties are compatible with the material properties of the parent

titanium alloy, and the fabrication is expertly done to avoid any weld defect(s). Since

different fluids have different properties, the properties of the fluid that would be

conducted through the welded pipes are taken into account as well.
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Table 2.8: Titanium welded joint design specification (www .timet.com).

Type Thickness | Weld Electrode Electrode | Filler Root Angle of | Lead
Range passes Type Inches Wire Opening | Bevel @)
inches Diameter | Inches R.0) A)
Diameter
square 88(132_ single Tungsten' 1/16 None 0 — —
0.031- Single or
Butt 0.125 Dofblez Tungsten' 1/16 None 0 — —
095 |single | Tungsten | 11618 | 122-1/16 | 0-0.10T° | — _
Single 8'?2?)' Single | Tungsten | 1/16-332 | 1/16 0-0.10T | 30°-60° | 0.10-0.25T
Vee 8';:3)8' First Tungsten | 1/16-332  None | 0-0.10T | 30°-60° | 0.10-0.25T
1716- 1/16-
Second Tungsten 3/32 3/32 — — —
8;58_ First Tungsten 3/32-1/8 | None 0-0.10T | 30°-90° | 0.10-0.25T
T Second Consumable | 1/16 — — — —
0.125- Single- o Ano
0.500 Multiple Consumable | 1/16 — 0-0.10T | 30°-90 0.10-0.25T
Double 8':3)88' Double | Tungsten | 1/16-332 | 1116 0-0.10T | 30°-90° | 0.10-0.25T
Vee 8'528‘ Double | Consumable | 1/16 _ 0-0.10T | 30°-90° | 0.10-0.25T
0.750- Double- o Ano ;
Y o0 Maltpre | Consumable | 116 — 0-0.10T | 30°-90° | 0.10-0.25T
Single 8'%88' First Tungsten | 1/16:3/32 | 1/16 0-0.10T | 15°-30° | 0.10-0.25T
U Second | Tungsten | 17163532 | 1/16 — — —
070 | First Tungsten | 116 None | 0-0.10T |15°30° |0.10-0.25T
Second Consumable | 1/16 — — — —
?'ggg' Multiple | Consumable | 1/16 — 0-0.10T | 15°-30° | 0.10-0.25T
Double ss ﬁ?l‘l’tbi;; Tungsten | 116-332 | 1116 0-0.10T | 15°-30° | 0.10-0.25T
U ?'ggg' FDi‘r’:tble' Tungsten | 1/16 Nome | 0-0.10T | 15°-30° | 0.10-0.25T
]1\)4?11113;61_6 Consumable | 1/16 — — — ==
o ﬁ‘;‘;ﬁ:ﬁe Consumable | 1/16 — 0-0.10T | 15°-30° | 0.10-0.25T
. 0.031- Single or None- o_pgo y
Fillet 0.125 Double Tungsten 1/16 116 0-0.10T | 0°-45 0-0.25T
Aoy | Shee O Tungsten | 100|116 |0-0.10T | 30%45° | 0.10-0.25T
?'ggg‘ Dingle O | Consumable | 1/16 — 0-0.10T | 30°-45° | 0.10-0.25T

"Thoriated tungsten electrodes

2 Double Pass:1 pass each side
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Table 2.9: Titanium welding electrode composition (AWS A5.16-70) (www.timet.com)

Base Metal Composition, Wt. Percent*
AWS = Wire | (ASTM) | | H N Al v |Fe |Other | Ti
Classification | grade
ERTi-1 (1) 0.03 | 0.10 0.005 0012 | — — 0.10 | — Remainder
ERTi-2 (D 0.05 | 0.10 0.008 0.020 | — — 0.20 | — Remainder
ERTi-3 @) 0.05 8}2 0008 |0020 | — —  1020|— | Remainder
ERTi-4 ) 0.05 gg- 0.008 0.020 | — — 0.30 | — Remainder
ERTi-4 (3)
ERTi-4 )
ERTi-641-4V | (5) 0.05 | 0.15 0.008 0.020 | 5.5-6.75 4312- 025 | — Remainder
ERTi-6Al- 3.5- .
AV-ELI** (5) 0.04 | 0.10 0.005 0.012 | 5.5-6.75 45 015 | — Remainder
Pd
ERTi-0.2Pd ) 0.05 | 0.15 0.008 0.020 | — — 0.20 | 0.12- Remainder
0.25
ERTi-3Al- 2.0- .
25V 9 0.05 | 0.12 0.008 0.020 | 2.5-3.5 30 025 | — Remainder
ERTi-3Al- 2.0- .
2. SV-ELI** © 0.04 |0.10 0.005 0012 (2535 30 015 | — Remainder
ERTi-0.2Pd | (11)
Mo
0.2-
ERTi-12 12) 0.03 | 0.25 0.008 0.020 | — — 0.30 ?\114 Remainder
0.6-
| 0.9
ERTi-0.2Pd | (16)
ERTi-0.2Pd an

* Analysis for interstitial content to be made after the welding rod or electrode has been reduced to it final

diameter. Single values are maximum percentage.

** This classification of filler metal restricts allowable interstitial content to a low level in order that the
high toughness required for cryogenic applications and other special uses can be obtained in the deposited

weld metal
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Table 2.10: Comparison of Welding processes based on the ease with which they can
be performed (Donachie, 2000:209).

USABILITY

CHARACTERISTICS | EBW PAW GTAW GMAW
Common thickness | Foil to 3 1/8 to 3/8 1732 to 1/4 | %4 to3+
range (in)

Ease of application Fair to good Good Good Fair

Ease of welding Excellent Good Good Difficult
Grooved joint required | No No Often Always
Automatic or manual Automatic Both Both Automatic
Mechanical properties | Excellent Good Fair Fair
Quality of joint Excellent Excellent Good Good-Fair
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Chapter 3 Pipe Modelling and Simulation

3.1 Introduction

When pipes are joined together, they form a pipeline or a network of pipes. Welding is a
reliable method of joining materials to form a whole piece of structure, and in some
cases, a long network of facility. This is so, because it is not practical to manufacture
even the smallest of equipments as a single piece of material without any joint. In laying
any pipe network, the pipes that make the network have to be joined to work as a single
continuous unit. So in the design of joined materials, it is necessary to ensure that the
joined unit can deliver, in terms of strength and performance, as much as a whole single
unit of such material(s) would have done, at the least. Hence models of products and

processes are necessary to show the practical effectiveness of the intended design.

The Ti6Al4V pipe models used for this analysis were created using a general software
package, Pro/ENGINEER Wildfire 5.0 - a modelling package used to create models of
parts and assemblies during the engineering and design processes of new product
development. It creates models with realistic appearances, and this allows for easy
visualisation of the parts and assemblies being created. This package is value driven,
using dimensions and parameters — any change(s) in dimension or/and parameter such as
volume, mass, surface area, and centre of gravity; would be updated in the feature of that
particular part or assembly, and automatically propagated through the rest of the features
in the model, thereby updating the entire model. The package uses the finite element
method to analyse materials of the models, allowing for the evaluation and optimization
of the structural and even thermal performance of product designs in a real world
environment. Its mechanica feature is a module that enables simulations to be performed
on product designs, to determine whether the designs satisfy the intended requirements

before they are built.
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3.2 Properties of materials of the models

Titanium grade 5 alloy — Ti6Al4V was used as the parent material for the pipes, and
welds were autogenous gas tungsten arc welding with helium as inert gas. The default
data/properties of titanium alloys in Pro/ENGINEER Wildfire 5.0 software package were
updated to include such data as the Distortion Energy (von Mises), Tensile Yield Stress,
Unified Material Law, Tensile Ultimate Stress (highlighted in Table 3.1), the material
type — unalloyed or low alloyed, the type of surface finish, and the material’s Failure
Strength Reduction Factor (Becht, 2005: 46-48; Boyer et al, 1994: 517-542 and
www.timet.com). An update was done on the default data/properties in the software, to
reflect the mechanical properties of the sections of the parent material affected by the
heat from welding and the heat affected zone; in accordance with what was obtained from

literature, as highlighted on Tables 3.1 and 3.2

A lot of the material properties in the heat affected zone were different from those of the
parent alloy. Such differences reflected in the highlighted values used for the Poisson
ratio, Young Modulus, Co-efficient of Thermal Expansion in Table 3.2; Tensile Yield
Stress, Tensile Ultimate Stress in Table 3.1, and the Failure Strength Reduction Factor,
on pages 43 and 44. The updated physical/mechanical properties were done according to

The Titanium Metals Corporation standards for TIMETAL 6-4 (Tables 3.1 and 3.2).
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Table 3.1: Tensile Properties for TIMETAL 6-4. (Properties and Processing of
TIMETAL 6-4, www.timet.com).

Product | Condition Specification | Dir Temperature | UTS ksi | 0.2%YS | Elongation | Reduction
(in) °F(°C) i % :; Area
0.025 | Annealed | ASTM L 68 (20) 10 -

- B265 &

1.000 LT

<3.00 | Annealed | ASTM L 68 (20) 130 120 10 25
RD or B348 (895) | (828)

Thk

<4.00 | Annealed | Mil-T- All | 68 (20) 130 120 10 25
RD or 9047G (896) | (827)

Thk

> 4.00 | Annealed | Mil-T- All | 68 (20) 130 120 10 20
—-6.00 9047G (896) | (827)

< STD Mil-T- 68(20) |165 |155 |10 20
0.500 9047G (1137) | (1068)

> STD Mil-T- 68 (20) 160 150 10 20
0.500 9047G (1103) | (1034)

1.000

> STD Mil-T- 68(20) | 155 | 145 |10 20
1.000 9047G (1068) | (999)

1.500

1.500 | d., sq., | Mil-T- 68 (20) 150 140 10 20
- hex 9047G (1034) | (965)

2.000

2000 |rd., sq, | Mil-T- 68(20) | 140 [130 |10 20
- hex 9047G (965) | (896)

3.000
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Table 3.2: Physical Properties for TIMETAL 6-4. (Properties and Processing of
TIMETAL 6-4, www.timet.com).

Property T(°F) TCC) Value Value (ST)
Density 72 22 0.160 Ib in 442 gem™
Beta Transus 1825 £ 25 996 + 14
Melting 3000-3020 | 1650-1660 =+
(liquidus) point | =25 14
Thermal 68 20 38Btuhr'fi" °F | 6.6Wm 'K
Conductivity
600 315 6.1Btuhr 't °F~ | 10.6Wm 'K ™'
Mil Annealed | 1200 650 10.1Btu hr'fi” | 17.5Wm 'K
op -1
Specific Heat | 68 20 0.140Btulb™ °F ' | 0.580Jg 'K
800 425 0.160Btulb™ °F *' | 0.670Jg 'K
1600 870 0.220Bulb °F " | 0.930Jg ' K
Magnetic 1.00005 at 20 oersteds
Permeability
Mean 32-212 0-100 5.0¥10%inin "' °F
Coefficient of
Thermal 70-800 | 20425 52*10*inin~ °F ' | 9.4%10 °m m""
Expansion oC -
70-1200 20-650 54*10%inin™" °F 7' [ 9.7¥10°m m ™'
oc -1
Electrical 32 0 66 uQin 1.68 uQin
Resistivity 600 315 73 puQin 1.86 uQin
1200 650 74 uQin 1.89 uQin
Young 68 20 15.5-17.7 Msi
Modulus 450 230 13.8-16.2 Msi
Shear Modulus | 68 20 5.9-6.5 Msi 95-111 GPa
Poisson’s Ratio | 68 20
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33 Dimensions of the Pipes

In this analysis, the dimensions and calibrations of the pipe models were adapted to those
of The World Centre for Materials Joining Technology (The Welding Institute - TWI),
Titanium Metals Corporation (TIMET), Titanium Information Group (TIG) and The
American National Standards Institute (ANSI). In accordance with the above calibrations,
the pipe model schedules were determined, using the ANSI pipe schedules (Table 3.3) as
guide. They had an outer diameter of 8.625 inches (219.075 mm), and an inner diameter

0f 8.500 inches (206.375 mm).

Table 3.3: ANSI pipe schedules, indicating wall thickness in inches.
(http//www.vogeltool.com/pipe_schedules.html)

2X
) ;

18 405 .035 049 - - 068 - 095 - kR E |
14 540 049 065 - - 088 BT T - F i BEag
38 675 065 065 - - 091 . 126 PR P P I

12 840 065 083 - - 109 - 147 - - |- |as7]204
34 1050 065 083 - - 113 N L - [ [218]308

I 1315 065 .109 - - 133 .79 - - |- ]a2s0]3ss
1-14 166 065 .109 - - 140 - 91 - F | Jes0fssz |
1-12 19 065 109 - - 145 -2 - b fasifa |
2 2375 065 109 - - 154 - 218 - - J43]a3e |
212 2875 083 12 - - 203 - 276 - - sz |
335 083.02 - - 216 -3 - F Tesr]s |
3124 083 12 - - 226 - 318 - T Tese |
4 45 083 .02 - - 237 281 337 o Ja37- 531 em4 |
4125 - - - - 24 - 355 - EOETE lam]
5 5563 109 134 - - 258 - 375 - lso0l- [e25]75 |
6 6625 .109 134 - - 280 S 43 . [s62l- 1718864
77625 - - - - 30l -5 S VSR R

8 109 148 250 277 322 406 .5 593718 812,906 875
9 9625 - - - - 342 -5 - Lt ETE
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There were different lengths of the pipes considered in this analysis. They ranged from
50 mm to 1500 mm long. This was done knowing that the lengths of pipes in industrial

pipe networks, and all pipes in any given network can hardly be of equal length.

In order to have a closer focus and more precise analysis, the sections of the pipe network
analysed were reduced to lengths between 50 mm and 100 mm, from between 1000 mm
and 1500 mm. There were different lengths considered for the heat affected zones of the
seam welded pipe models, to correspond with the different pipe lengths of the models.
However, the width of the weldments and heat affected zones on every welded model
remained the same in accordance with the analytical determination (Adams, 1958: 210).
The simulation results of the reduced models also served to check and authenticate the

results of the longer pipe models.

34 Pipe modelling

Using the standard mode in ProENGINEER Wildfire 5.0, sketches were drawn,
dimensioned, extruded, and materials removed and/or added where necessary; to bring
about each part of the desired models. Every part model (component of the assembled
pipe models) was made in a separate window and later ‘exported’ to the assembly
window. It was considered good practice to always check, and set the windows to the
right units of measurement before sketching any model(s). Materials and their specific
(materials’) properties were assigned to the different parts, while they remained
individual parts. The different part models were then ‘exported’ to the assembly mode,
where they were put together to become the designed pipe section/pipe network section
models. Models of pipes with weldments at varying different positions along their lengths
were created. However, as baseline markers (or control models), two unwelded pipe
models of length 1000 mm and 50 mm were created (Figures 3.1 and 3.2). They are
referred to in this thesis as unwelded models or control models. The pipe models with

welded joints (on them) include the following:
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e The pipe models with a single seam weldment along their length, parallel to the fluid
flow direction (Figures 3.3 and 3.4) — the “seam weld” models of 1000 mm and 50 mm
in length.

® A joined pipe model with a weld along the circumference, equidistant from both ends
of the pipe model, and perpendicular to the fluid flow direction (Figures 3.5 and 3.6) —

the “circumference weld” models of 1000 mm and 50 mm in length.

Figure 3.1: Unwelded pipe (Control) model of 1000 mm length showing constraints
and load (gravity, flow and pressure).

The different part models of the assembled models were assigned different colours for

easy identification. As shown in Figures 3.2, 3.4, and 3.6, a reduced version of each of
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the models was created, to allow for more detailed analysis, as explained later in this
chapter. The windows of the fully assembled models were then switched to the
mechanica mode, where the geometrical co-ordinates, constraints, pressures, forces and
fluid flow loads were incorporated into the analysis. After setting the plotting grid,
polynomial order, percentage convergence, the combined constrained sets, and summed
load sets; towards achieving the intended aim of each set of analyses, the simulations

were made to run, and were monitored on the display study status window. Some results

of interest, of some of the models analysed are presented in Tables 4.1 and 4.2. And in

Figure 3.2: Unwelded pipe (Control) model of 50 mm length showing constraints
and load (gravity, flow and pressure).
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the appendices are samples of the simulation process data for the analysed models.
Among other information contained in the appendices (A to D), the models’ number of

elements, number of points, edges and faces are recorded. The maximum displacements
along each of the coordinates — abscissa, ordinate and applicate are also shown in the

appendices.

Figure 3.3: “Seam-weld” pipe (SWP) model of 1000 mm length showing constraints
and load (gravity, flow and pressure).
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Besides the ease of identification, the different part models of each assembled model
were assigned different colours to aid visual observation while assembling the parts, in
incorporating the geometrical co-ordinates, constraints, pressures, forces and fluid flow
loads; and during the simulation analyses. The geometrical co-ordinate used was the
global geometrical co-ordinates, and the pipe models were constrained from rotational
and translational motions but free to experience radial motion. There were fluid flow and
internal pressure loaded evenly on all points on the inner walls of the models. There was

gravitational force loaded too.

Figure 3.4: “Seam weld” pipe (SWP) model of 50 mm length showing constraints
and load (gravity, flow and pressure).
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The different welding positions were chosen so as to observe the difference(s) in welding
at different sections along the pipe network, if there were any. As a result of the welded
joints being modelled at varying different positions, different components of the different

models differed in length, though they had the same wall thickness. However, the width

of the heat affected zones of the welded pipe models remained the same.

Figure 3.5: “Circumference weld” (CW) pipe model of 1000 mm length constraints
and load (gravity, flow and pressure).
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Pipes do not have width. Hence the parameters presented in Table 3.4 for the pipe

models’ parent alloy components and unwelded pipe models give their lengths as well as

Figure 3.6: “Circumference weld” (CW) pipe model of 50 mm length showing
constraints and load (gravity, flow and pressure).

their inner and outer diameters (wall thickness) only. Nevertheless, the welded pipe
models had parameters for the width of the heat affected zones, but no parameters for
lengths, in accordance with welding practice. The two unwelded pipe (control) models

were not welded at any point, so they had no parameters for the width of the heat affected
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zones. None of the components of the ‘seam weld’ pipe models had a circumference,

hence they had no diameters. The dimensions of the models are presented in Table 3.4.

Table 3.4: Dimensions of models (and their component parts)

Model Component Length | Diameter (mm) Width
(mm) (mm)
Inner Outer
Unwelded Parent alloy 1000 206.375 219.075 N/A
Unwelded Parent alloy 50 206.375 219.075 N/A
(reduced)
Seam welded pipe | Parent alloy 1000 N/A N/A N/A
Heat affected zone | 1000 N/A N/A 12
Seam welded pipe | Parent alloy 50 N/A N/A N/A
(reduced)
Heat affected zone | 50 N/A N/A 2
Pipe welded | Parent alloy 494 206375 219.075 N/A
along its
circumference Heat affected zone | N/A 206.375 219.075 12
Pipe welded | Parent alloy 19 206.375 219.075 N/A
along its
circumference Heat affected zone | N/A 206.375 219.075 12
(reduced) Sl

*N/A: Not applicable

In developing the welded pipe models, different flow rate values were used for the fluid
flowing through the pipes. Flow rates are commonly measured in barrels per day in major
sectors like the oil and gas industry. Since the sofiware used for the analysis does not
accommodate fluid in volumes, and measurements in million barrels per day (mbpd), the
common industry units of measurement of volume flow rates were converted from

million barrels per day (mbpd) to cubic meters per second (m’/s). And using the

relationship:

m =pQ 3.1
where
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m = mass flow rate of the fluid
p = density of the fluid
Q = volume flow rate ofthe fluid;
the volume flow rates [in cubic meters per second (m*s)] were converted to mass flow

rates (in kilograms per second), and then to (tonnes per second).

Typical values for mass flow rates commonly used in industry are not freely available
because of industry privacy policies and sector competition. However, information was
acquired by private communication with two sources in two firms. From the information,
values for the mass flow rates of the fluid ranged from 155.86 tonnes/second (100,000
bpd) to as much as 187.03 tonnes/second (1mbpd). For the same reason advanced for
converting the units of measurement of volume in industry to the one used in this
analysis, the common units of measurements of pressure in the oil and gas sector —
pounds/square.inch (psi) and bar were converted to mega Pascal (MPa). Hence internal
pressure values of between 28 MPa and 40 MPa on the internal walls of the pipes were

used for the simulation. In accordance with the Bernoulli’s equation:

where
p1 = pressure at point 1
p2 = pressure at point 2
u,; = fluid flow velocity at point 1
u, = fluid flow velocity at point 2
p = density of the fluid at all points
g = acceleration due to gravity
z = elevation;

it was assumed that:

e The flow is steady.

o The density is constant (which also means the fluid is incompressible).
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e The friction losses are negligible.

The equation relates the states of flow at two points, and in effect, the states of flow at all

points within the analysed section ofthe pipe.

To reflect real life scenarios, the pipes were constrained in all rotational directions
because when fluid is passing through pipes, the pipes do not rotate. Also, pipes do not
experience translational movements while conducting fluid, so they were also constrained
against any such (translational) movements. However, they were unrestrained in the

radial direction.

In order to have a more detailed analysis, for each and every model measuring between
1000mm and 1500mm long, there was a corresponding reduced model. This was done to
increase the number of finite elements per unit area of the model of the small section of
the pipe, since meshing the model of an independent small section of a pipe allows for
the creation of finer elements, compared to the number of elements it (that small section)
had when it was part of the full model. Therefore, the reduced model would give finer
elements; even though it would have a considerably reduced number of (finite) elements
as a detached whole model, in comparison to the original full model. All the reduced
models of the analysed pipe models were of the same length - 50mm (Figures 3.2, 3.4
and 3.6). The length of the “parent” components of the reduced circumference welded

pipe model was 19mm long, to accommodate the width of the heat affected zone (Figure
3.6).

To be able to accurately analyze the effect of the forces/pressure on the different
parts/sections of the pipes, a symmetry constraint was used on the reduced models. The
symmetry constraint allows half the section of the pipe models, perpendicular to the
direction of fluid flow to be concealed. Thus, the pipe models appeared to have been
sharply cut symmetrically, with one half showing and the other half seemingly removed
(Figures 3.2, and 3.6). Also, this allowed the cross section of the thickness of the pipe

walls to be viewed. So measurements of the simulated load effects on the cross-section of
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the pipe walls could be taken. This made it possible to observe and analyze more detailed
welding and load effect/s on the pipe models. The simulation results of the reduced pipe

models were used as checks, by comparing them with those of the pipe models ranging

from 1000 mm to 1500 mm.
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Chapter 4 Finite Element Analysis Results and Discussion

4.1 Introduction

Simulations of the stresses on the pipe models were carried out using the Finite Element
Method. There were many stress results recorded during the simulation, but the von
Mises stress was of utmost interest since it determines whether the combination of the
three principal stresses acting along the abscissa, ordinate and applicate axes at any given
point along the pipe models will cause failure. The focus therefore, was on the von Mises
stresses shown on the different sections of the loaded models. Some results of the
simulation analyses are recorded in this chapter. The percentage deviations of the
simulated results from the calculated hoop stress value are presented in this chapter as
well. The different stress distributions and the difference in stress levels shown on

different sections of the pipe models are discussed too.

4.2 FEM Results

Some of the von Mises stress results shown on the loaded pipe models during simulation
are given in Table 4.1. They are listed in terms of the minima and maxima values

recorded on different sections of the different pipe models.

Table 4.1: FEM Results

Pipe models Stress (10° N/mm?)
Minimum Maximum
Unwelded 0.02 3.18
Unwelded (reduced) 0.06 . 1 )
Seam-welded 0.04 3.18
Seam-welded (reduced) 0.03 3.21
Circumference weld 0.02 3.19
Circumference weld (reduced) 0.06 3.20
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The “fringe” displays of the simulated loaded models [Figures 4.1 (a) to 4.3 (b)] show the
stress distributions on the models. They have a legend that indicates the magnitude of
stress shown on different sections of the pipe models. The deep blue colour indicates

minimum stress, and the stress level increases to its maximum, indicated in red.

3.183e402
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Figure 4.1a: Stress distribution along the 1000 mm (unwelded) pipe model.
The 1000 mm unwelded (control) pipe model had a minimum von Mises stress of

1.828x 10 N/mm” (approximately 0.02x 10* N/mm?) and a maximum von Mises stress of

3.183 x 10° N/mm?.
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Figure 4.1b: Stress distribution along the 50 mm (unwelded) pipe model.

The 50 mm unwelded (control) pipe model had a minimum von Mises stress of 6.978x 10
N/mm? (approximately 0.06x 10? N/mm?®) and a maximum von Mises stress of

3.172 x 10> N/mm>.

59



3.191e+02

Figure 4.2a: Stress distribution along the 1000 mm “circumference weld” (CW) pipe

model.

The 1000 mm pipe model welded along the circumference had a minimum von Mises
stress of 2.384 x 10 N/mm? (approximately 0.02 x 10> N/mm?) and a maximum von Mises

stress of 3.191 x 10> N/mm>.
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Figure 4.2b: Stress distribution along the 50 mm “circumference weld” (CW) pipe

model.

The 50 mm pipe model welded along the circumference had a minimum von Mises stress
of 5.807 x 10 N/mm? (approximately 0.06 x 10° N/mm?) and a maximum von Mises stress

0f3.204x 10> N/mm>.
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Figure 4.3a: Stress distribution along the 1000 mm “seam weld” (SWP) pipe model.

The 1000 mm pipe model welded along the seam had a minimum von Mises stress of

3.645x 10 N/mm? (approximately 0.04 x 10* N/mm?) and a maximum von Mises stress of

3.184x 10> N/mm?>.
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Figure 4.3b: Stress distribution along the 50 mm “seam weld” (SWP) pipe model.

The 50 mm pipe model welded along the seam had a minimum von Mises stress of
2.447x10 N/mm” (approximately 0.03 x 10? N/mm?) and a maximum von Mises stress of

3.210x 10> N/mm?.

On the average, each round of the simulations recorded as many as twelve von Mises
stress values for each of the pipe models. Nevertheless, it is only the maximum value that

is of utmost interest in this research work. Of the twelve von Mises stress values recorded
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for the unwelded pipe models [Figures 4.1 (a) and 4.1 (b)], for instance, the focus was on
the highest of the values [3.183x 10> N/mm’ (on the full unwelded pipe model) and
3.172x10° N/mm® (on the reduced unwelded pipe model)]; since they indicate the
highest possible stresses the load can cause along the pipe models, and so was the focus
on all other models. The ability or inability of the pipe models to withstand such high
stress would indicate whether titanium alloy (grade 5) would be fit or unfit for use as

material to make pipes that can conduct such fluid load.
4.3 Discussion of FEM Results

As observed in the simulation, and in agreement with literature (Becht, 2004: 29-35), the
circumferential stress along the inner walls of the pipe models was higher than the
circumferential stress shown on the outer walls. The legend on the fringe displays of the
simulated pipe models [Figures 4.1 (a) to 4.3 (b)] served as guide in observing the stress
distribution. The stress on the inner pipe walls was higher because of the fluid-structure
interaction between the flowing fluid and the inner walls, and the effect of the internal
pressure of the flowing fluid, which impacts directly on the inner walls (Lee ef al., 1995:
297-311; Niordson, 1953: 1-28 and Chen & Zhang, 1998: 38-45). The distribution of
stress along the thickness of the pipe walls is more visibly illustrated on the reduced and
symmetrically constrained pipe models in this work [Figures 4.1 (b) and 4.2 (b)]. The
least minimum von Mises stress of approximately 0.02x 10° N/mm® (on two of the
analysed pipe models) and the highest maximum von Mises stress of 3.21 x 10> N/mm?

(on the reduced seam welded pipe model) were recorded.

In pipe design and analysis, according to the ASME B31.3 code (Becht, 2004: 20-21),
stress is analytically calculated as a function of location through the wall thickness of

pipes using the equation:

2
o, = P 0.5(D/t)" = (D/t)+1 41
(D/t)-1

where

o, = hoop stress
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P = intemal (design) pressure
D = outside diameter of the pipe

t = pressure design thickness

In this analysis, equation 4.1 was used to verify the simulated maximum von Mises

stresses that the pipe models experience when put under load that is within the practical

range of interests. So substituting the dimensions and parameters of the pipe models into

the above equation, the calculated hoop stress is:

0.5(219.075/12.7)* = (219.075/12.7) +1
(219.075/12.7) -1

= 321.308N/mm”

~3.21x 10> N/mm®

o, =40] ]

The simulated maximum von Mises stress results are verified using the analytically
determined hoop stress value by comparing it with the simulated values. And the
closeness of the simulated results of the maximum von Mises stress shown on the
analysed pipe models to the calculated hoop stress value is determined by the percentage
deviation of the experimental results from the analytical value. The percentage deviation

is calculated using the formula:

c,, 0
hD-"" hF % 42
Owp

where

o,p =analytical (calculated) hoop stress

o, =simulated von Misses stress

The simulated maximum von Mises stress of the reduced model of the seam welded pipe
(3.21%10° N/mm?) is the same as the calculated hoop stress value, giving a 0.00%
deviation from the calculated value, while the simulated maximum von Misses stress of
the reduced model of the unwelded pipe (3.172x 10> N/mm?®) has the highest deviation of
1.25% from the calculated hoop stress value. The percentage deviations of the simulated

maximum von Misses stress results of the different pipe models from the analytical hoop
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stress value of 3.21 x 102 N/mm? (obtained from equation 4.1) are presented in Table 4.2

below.

Table 4.2: Percentage deviation of simulated maximum von Mises stress results

from the calculated hoop stress value (o,, =3.21x 10° N/mmz).

Pipe models von Mises Stress | Percentage
(0,7) 10 N/mm?) | deviation (%)

Unwelded 3.18 0.94 (lower)
Unwelded (reduced) 3.17 1.25 (lower)
Seam-welded 3.18 0.94 (lower)
Seam-welded (reduced) 3.21 0.00

Circumference weld 3.19 0.62 (lower)
Circumference weld (reduced) | 3.20 0.31 (lower)

Generally, all the reduced models showed von Mises stress values that were very close to
those shown by their corresponding full models. And all the simulated pipe models
recorded von Mises stress values that were very close to the calculated hoop stress value.
In terms of the stress distribution, the results of the legend displays of the reduced models
were in agreement with those of their corresponding full models. The welded models,
too, showed numerical results that are very close to those of the unwelded (control)

models. The different models, welded at different positions, are discussed in sections

4.3.1 through 4.3.3.

4.3.1 The Unwelded (control) Pipe Models

Stress was shown to be highest at both ends of the unwelded pipe models. In this case,
the points on the pipeline that were rigidly supported against gravity and flexural
movement were represented by the pipe models’ ends. At the supported points, the fluid
effectively developed a very slight flow constriction as a result of the rigid support,

thereby having more impact on the walls of the pipe models (Lee et al., 1995: 297-311
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and Paidoussis, 1998: 88-104). Stress was shown to be least at two small sections — one
being adjacent to the inflow end of the pipe models and the other adjacent to the outflow
end. Minimal stress was shown at the small section close to the inflow end because the
fluid momentarily lost impetus after constriction at the supported point, before it
continued in the flow direction. Similarly, at the outflow end, the fluid momentarily lost
impetus before being constricted at the supported point. Figures 4.1 (a) and 4.1 (b) on
pages 58 and 59 show that stress increased slightly and then remained unchanged through
the section of the pipe models’ lengths, between the two least stressed small sections,
largely due to the steady state of flow along the section and the fact that the fluid had
been confined to the constant flow boundaries of the pipe model for a considerably long
stretch. With the width of the pipe models being consistently the same through its length,
and even (smooth) inner walls along the entire pipe length, the flow boundary remained
unchanged; enhancing a steady state of flow along the section not affected by flow
constriction. Though the models represent a very short section in the middle of a pipeline,
it showed that in reality, the changes in flow constriction at the supported points of a pipe
network impact on the fluid flow behaviour (e.g. Niordson, 1953: 1-28; Freitas Rachid &
Costa Mattos, 1998: 139-160 and Chen & Zhang, 1998: 38-45). It is worth noting that the
difference in the maxima stress magnitudes of the two unwelded pipe models (the 1000
mm model and the reduced 50 mm model) are negligibly small (0.01 N/mm?), and could

only be detected by very sensitive tools such as the one used in this analysis.

Since fluid flow behaviour impacts on the structure of the pipe walls, the observed stress
distribution on the pipe walls would be a result of the flowing fluid impact on the inner
walls of the pipes (Fox & Stepnewski, 1974: 258-262, Paidoussis, 1998: 88-104 and Lee
et al., 1995: 297-311), and the pipe wall’s reaction to the flow effect. However, the
maximum stress magnitudes which are shown at the points where flow is constricted are

still within the acceptable design stress limit (two thirds of 8.28 x 10 N/mm?).

The full model of the unwelded pipe experienced a simulated FEA maximum von Mises
stress of 3.18 N/mm?, a difference of 0.03 N/mm? less than the calculated hoop stress.

The reduced model of the unwelded pipe experienced a simulated FEA maximum von
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Mises stress of 3.17 N/mm?, a difference of 0.04 N/mm? less than the calculated hoop
stress. The maximum stresses experienced by both unwelded pipe models would not
cause any strain on the pipe because they are less than two thirds of 828 N/mm?® - the
yield strength of titanium alloy (grade 5), considering the pipe’s design life and other

design conditions.

The stress distribution on the simulated models also showed that the outer walls of the
pipe models experienced less stress than the inner walls, where the fluid has a more direct
impact (Becht, 2004: 29-35). The 1000 mm model had a simulated maximum von Mises
stress of 3.183 x 10> N/mm?, and the 50 mm model had a simulated maximum von Mises
stress of 3.172 x 10> N/mm” - a negligible difference of 0.011 x 10 N/mm®. In comparison,
the maximum stress values of both models are a little less than the calculated allowable
hoop stress value of 3.21308 x 10 N/mm?, with percentage deviations of 0.94% for the
1000 mm model, and 1.25% for the 50 mm model. The percentage deviations are within

the accepted engineering limits of plus or minus two and a half percentage.
4.3.2 The “Circumference Weld” Pipe Models (CW)

On the pipe models welded along the circumference, at a central point equidistant from
both ends of the models, maximum stress was shown at the supported points (pipe
models’ ends) because the flowing fluid impacted turbulently on the walls of the pipe
models as a result of flow constriction at the rigidly supported points (Freitas Rachid &
Costa Mattos, 1998: 139-160 and Li et al., 2002: 2077-2084). The pipe models were least
stressed at a small section adjacent to the inflow supported point and an equivalent small
section adjacent to the outflow supported point because the fluid momentarily lost
impetus after flow constriction and also before constriction. The lengthy middle section
of the 1000 mm pipe model and the middle section of the 50 mm pipe model between the
two least stressed sections of both models showed a uniform stress that was more but
close to the minimum recorded stress. However, there was less stress shown on the heat
affected zone than on the parent material (Figure 4.2a and 4.2b), due probably to the

difference in material property and composition (Kalpakjian, 1989: 38-40; Fuji et al,
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2001: 25-29.and Askeland, 1996: 428-429). And as previously noted (Beesen, 1999: 3-
11), a good welding technique could result in a weld joint with better weld integrity, and
would further reduce the stress experienced by the welded product at the weldment and

its surrounding heat affected zone.

Even though the stress on the parent material was more than the stress on the surrounding
heat affected zone, it was less than the stress shown on the supported points; in much the
same way as was the case with the control (unwelded) models. For the 1000 mm model,
the heat affected zone showed simulated stress values of between 0.31x 10* N/mm” and
0.60, 10? N/mmz, and the pipe model’s ends showed simulated stress values of 3.19x 10?
N/mm?®. The 50 mm model showed simulated stress values of between 0.37x 10> N/mm?
and 0.69x 10> N/mm®) at the heat affected zone, while the pipe ends showed simulated
stress values of between 2.89x 10> N/mm?) and 3.20x 10> N/mm’. The difference
between the simulated maximum stress values of the 1000 mm (full) and 50 mm

(reduced) models is negligible - 0.01 x 10* N/mm?.

From the simulation results, the (simulated) maximum von Mises stress values of
3.191x 10> N/mm® (approximately 3.19x 10> N/mm?) for the 1000 mm pipe model, and
3.204x 10° N/mm? (approximately 3.20x 10* N/mm?) for the 50 mm pipe model, are very
close to the calculated allowable hoop stress value of 3.21x 10> N/mm”. The maximum
von Mises stress value of the 1000 mm pipe model gives it a percentage deviation of
0.62% from the calculated hoop stress. The percentage deviation of the 50 mm pipe
model from the analytically determined hoop stress value is 0.31%. The two values are
also less than two thirds of 828 N/mm? - the yield strength of titanium alloy (grade 5),
thereby satisfying a primary design criterion.

4.3.3 The “Seam Weld” Pipe Models (SWP)

The simulation results of the pipe models welded along the seam showed that the models
experienced minimum stress at a small section adjacent to the inflow and outflow

supported points similar to that of the control model, for the same reasons. The flow
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constriction at the ends of the pipe models (rigidly supported points) were a result of the
pipe models’ resistance to gravity and flexural movement in response to the load. The
relative turbulence due to the fluid flow constriction impacts on the walls of the pipe
models, causing maximum stress at those points along the pipe models (Li ef al., 2002:
2077-2084). The lengthy middle section of the pipe models between the two least
stressed small sections experienced uniform stress that was shown to be slightly higher
than what the least stressed sections experienced. The uniform stress shown on the
lengthy section was because the fluid had a consistent steady flow within an unchanged

flow boundary (Fox & Stepnewski, 1974: 258-262 and Lee et al., 1995: 297-311).

The simulated maximum von Mises stress value of the 1000 mm pipe model is 3.18 x 10
N/mmz, while the 50 mm pipe model has a maximum von Mises stress value of 3.21 x 10
N/mmz; - a difference of 0.03x 10> N/mm? between the two seam-welded pipe models.
The 1000 mm pipe model showed a stress difference of 0.00x 10* N/mm? from the 1000
mm control (unwelded) pipe model, and the 50 mm seam welded model showed a
difference of 0.04x10” N/mm?® from the 50 mm control (unwelded) pipe model. The
percentage deviation of the maximum von Mises stress of the 1000 mm pipe model from
the analytically determined hoop stress is 0.94%. And the percentage deviation of the
maximum von Mises stress of the 50 mm pipe model from the analytically determined
hoop stress is 0.00%. The maximum von Mises stress values shown on the two models
are a little less than the calculated allowable hoop stress value of 3.21x 10* N/mm?.
Though the simulated maximum von Mises stress values of the seam welded pipe models
had shown to be pretty close to the calculated hoop stress value, in practice, adjoining
pipes in pipeline networks are not connected (welded to one another) along their seams.
Rather, they are realistically connected to one another by joints made around their

circumference.
4.3.4 Discussion

The finite element analysis results of all the pipe models are in agreement with the

analytically determined hoop stress value. Apart from the percentage deviation of the
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maximum von Misses stress values of each of the pipe models from the analytically
determined hoop stress value, piping design standards were also considered. The industry
acceptable stress limit of materials when put under maximum desired load is that they be
less than or equal to two thirds of their yield strength (www.absa.ca). The Finite Element
Analysis (FEA) results of all three sets of pipe models analysed satisfy this condition too.
The six pipe models showed maximum von Mises stress values that are less than two

thirds of 828 MPa - the yield strength of titanium alloy (grade 5).

The stress distribution along the three sets of pipe models were shown to be the same
regardless of the welding position. All six models experienced uniform low stress in the
middle section and comparatively higher stress at the ends. The magnitudes of the
maximum stress shown on all six pipe models were very close, with the 50 mm unwelded
pipe model showing the lowest (3.17x 10? N/mmz) and the 50 mm seam welded model

showing the highest magnitude of3.21 x 10> N/mm?®.
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Chapter 5 Conclusion

Models of titanium alloy (grade 5) pipes with an Outside diameter of 8.625 inches
(219.075 mm), and an inner diameter of 8.500 inches (206.375 mm) were created using
Pro/ENGINEER Wildfire 5.0. The pipe models were subjected to Finite Element
Analysis using the same software, which employs the Finite Element Method. All the
results showing the magnitude of the maximum von Mises stress obtained from the Finite
Element Analysis were within industry acceptable stress limits. They satisfy the
important condition that the stress limits of materials when put under maximum desired
load be less than or equal to two thirds of their yield strength, 828 MPa in the case of
Ti6Al4V.

The FEA results of the reduced models were quite close to those of the full models. The
difference between the magnitude of the least of the maximum von Mises stress results
and that of the highest of the maximum von Mises stress results shown was 0.04 x 10
N/mm?. The stress distribution shown by the Finite Element Analysis results were
consistent for all the Ti6Al4V pipe models. The maximum von Mises stress of all six

models were in agreement with the analytically determined hoop stress value of 3.21 x 10

N/mm>.

The results obtained from this research work indicate that welded titanium alloy (grade 5)
pipes can withstand as much stress as unwelded titanium alloy (grade 5) pipes, when used
as fluid conduit. The results also show that welded Ti6Al4V would be fit for use as

material for pipes in transporting fluid.
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Appendix A Simulation result Summary for Structural (static) Design
Study of 1000 mm “unwelded” pipe model

Mechanica Structure Version L-03-40:spg
Summary for Design Study "full unwelded2 29dec10"
Wed Dec 29,2010 11:21:12

Run Settings
Memory allocation for block solver: 128.0

Parallel Processing Status

Parallel task limit for current run: 8

Parallel task limit for current platform: 64

Number of processors detected automatically: 8
Checking the model before creating elements...
These checks take into account the fact that AutoGEM will
automatically create elements in volumes with material
properties, on surfaces with shell properties, and on curves
with beam section properties.

Generate elements automatically.
Checking the model after creating elements...
No errors were found in the model.
Mechanica Structure Model Summary

Principal System of Units: millimeter Newton Second (mmNs)

Length: mm
Force: N
Time: sec

Temperature: C

Model Type: Three Dimensional

Points: 1103
Edges: 5399
Faces: 7490
Springs: 0
Masses: 0
Beams: 0
Shells: 0
Solids: 3194
Elements: 3194
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Standard Design Study
Static Analysis "full unwelded2 29dec10":

Convergence Method: Multiple-Pass Adaptive
Plotting Grid: 10

Convergence Loop Log: (11:21:18)
>>Pass 1 <<
Calculating Element Equations (11:21:18)
Total Number of Equations: 3057
Maximum Edge Order: 1
Solving Equations (11:21:19)
Post-Processing Solution (11:21:19)
Calculating Disp and Stress Results  (11:21:19)
Checking Convergence (11:22:03)
Elements Not Converged: 3194
Edges Not Converged: 5399

Local Disp/Energy Index: 100.0%

Global RMS Stress Index: 100.0%
Resource Check (11:22:03)

Elapsed Time (sec): 51.33

CPU Time (sec): 2247

Memory Usage  (kb): 294036

Wrk Dir Dsk Usage (kb): 24576

>> Pass 2 <<

Calculating Element Equations (11:22:03)
Total Number of Equations: 18750
Maximum Edge Order: 2

Solving Equations (11:22:05)

Post-Processing Solution (11:22:06)

Calculating Disp and Stress Results  (11:22:07)

Checking Convergence (11:22:44)
Elements Not Converged: 1305
Edges Not Converged: 3438

Local Disp/Energy Index: 100.0%

Global RMS Stress Index: 28.3%
Resource Check (11:22:45)

Elapsed Time (sec): 92.86

CPU Time (sec): 4095

Memory Usage  (kb): 317972

Wrk Dir Dsk Usage (kb): 24576

83



>>Pass 3 <<

Calculating Element Equations (11:22:45)
Total Number of Equations: 57960
Maximum Edge Order: 4
Solving Equations (11:22:50)
Post-Processing Solution (11:22:55)
Calculating Disp and Stress Results  (11:22:57)
Checking Convergence (11:23:31)
Elements Not Converged: 443
Edges Not Converged: 877

Local Disp/Energy Index: 74.1%

Global RMS Stress Index:  8.4%
Resource Check (11:23:32)

Elapsed Time (sec): 139.61

CPU Time (sec): 77.84

Memory Usage  (kb): 326612

Wrk Dir Dsk Usage (kb): 199680

>> Pass 4 <<

Calculating Element Equations (11:23:32)
Total Number of Equations: 75195
Maximum Edge Order: 4
Solving Equations (11:23:39)
Post-Processing Solution (11:23:47)
Calculating Disp and Stress Results  (11:23:49)
Checking Convergence (11:24:37)
Elements Not Converged: 98
Edges Not Converged: 233

Local Disp/Energy Index: 29.6%

Global RMS Stress Index:  8.8%
Resource Check (11:24:37)

Elapsed Time (sec): 205.56

CPU Time (sec): 124.58

Memory Usage  (kb): 334932

Wrk Dir Dsk Usage (kb): 273408

>> Pass § <<

Calculating Element Equations (11:24:38)
Total Number of Equations: 90390
Maximum Edge Order: 5

Solving Equations (11:24:44)

Post-Processing Solution (11:24:53)

Calculating Disp and Stress Results  (11:24:56)

Checking Convergence (11:25:48)
Elements Not Converged: 0
Edges Not Converged: 0
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Local Disp/Energy Index:  8.7%
Global RMS Stress Index:  1.6%

RMS Stress Error Estimates:

Load Set Stress Error % of Max Prin Str

SummedLoadSet  4.09e¢+00 0.7% of 5.49e+02

Resource Check (11:25:58)
Elapsed Time (sec): 286.19
CPU Time (sec): 191.30
Memory Usage  (kb): 342996
Wrk Dir Dsk Usage (kb): 355328

The analysis converged to within 10% on
edge displacement, element strain energy,
and global RMS stress.
Total Mass of Model: 1.889806e-02
Total Cost of Model: 0.000000e+00
Mass Moments of Inertia about WCS Origin:
Ixx: 2.13984¢+02
Ixy: -5.09331e-07 Iyy: 6.40634e+03
Ixz: -2.05874e-08 lyz:-3.83867¢-08 Izz: 6.40634¢+03
Principal MMOI and Principal Axes Relative to WCS Origin:

Max Prin Mid Prnin Min Prin
6.40634¢e+03 6.40634¢+03 2.13984¢e+02

WCS X: 0.00000e+00 0.00000e+00 1.00000e+00
WCS Y: 1.00000e+00 0.00000e+00 0.00000e+00
WCS Z: 0.00000e+00 1.00000e+00 0.00000e+00

Center of Mass Location Relative to WCS Origin:
(5.00000e+02, 3.43668e-09,-3.72543e-10)

Mass Moments of Inertia about the Center of Mass;
Ixx: 2.13984e+02

Ixy: -4.76857e-07 lyy: 1.68183e+03
Ixz: -2.41076e-08 lyz:-3.83867¢-08 Izz: 1.68183¢+03
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Principal MMOI and Principal Axes Relative to COM:

Max Prin
1.68183e+03

Mid Prin
1.68183e+03

Min Prin
2.13984e+02

WCS X:-2.23320e-10  -2.36512e-10 1.00000e+00
WCSY: 7.22374e-01 6.91503e-01 3.24869e-10
WCS Z:-6.91503¢-01 7.22374¢-01 1.64238e-11

Constraint Set: contraint_full unwelded2: FULL UNWELDED2

Load Set: SummedLoadSet

gravity full unwelded2: FULL UNWELDED?2
flowrate_full unwelded2: FULL_UNWELDED2
pressure_full unwelded2: FULL UNWELDED2

Resultant Load on Model:
in global X direction: 7.117150e+05
in global Y direction: -1.853890e+02
in global Z direction: 1.230869¢-06

Measures:

max_beam_torsion: 0.000000e+00
0.000000e+00

max_beam_total:
max_disp_mag:
max_disp_x:
max_disp_y:
max_disp z:
max_prin_mag:
max_rot mag:
max_rot_X:

max _rot y:
max_rot z:
max_stress_prin:
max_stress vm:
max_stress Xx:
max_stress Xy:
max_stress Xz:
max_stress yy:
max_stress yz:
max_stress 7Zz:

Value

2.324932¢-01
1.774877e-01
-1.783033¢e-01
-1.779868e-01

5.490336e+02

0.000000e+00
0.000000e+00
0.000000e+00
0.000000e+00
5.490336¢e+02
3.183438e+02
5.000278e+02
-1.122798e+02
1.129889¢+02
2.609848¢+02
-1.019527¢+02
2.607986¢+02

Convergence

max_beam bending: 0.000000e+00
max_beam _tensile: 0.000000e+00

0.0%

0.0%

0.0%

0.0%

0.1%
0.0%
0.4%

100.0%

5.4%
0.0%
0.0%
0.0%
0.0%
5.4%
4.6%
53%
14.1%
5.6%
3.4%
6.5%
1.4%
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min_stress prin: -4.581956e+02  2.9%
strain_energy:  5.541451e+05 0.1%

Analysis "full unwelded2 29dec10" Completed (11:25:59)

Memory and Disk Usage:

Machine Type: Windows NT/x86
RAM Allocation for Solver (megabytes): 128.0

Total Elapsed Time (seconds): 287.21

Total CPU Time (seconds): 191.90

Maximum Memory Usage (kilobytes): 342996
Working Directory Disk Usage (kilobytes): 355328

Results Directory Size (kilobytes):
238433 Mull_unwelded2 29decl0

Maximum Data Base Working File Sizes (kilobytes):
238592 Mull unwelded2 29dec10.tmp\kblk1.bas
99328 Mull unwelded2 29dec10.tmp'kell.bas
17408 Mull unwelded2 29dec10.tmploell.bas

Run Completed
Wed Dec 29,2010 11:25:59
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Appendix B Simulation result Log for Structural (fatigue) Design Study of
1000 mm “circumference weld” pipe model

Mechanica Structure Version L-01-41:spg
Log for Design Study "MWP_FAT 4AM 20AUG"
Wed Aug 20,2008 03:53:38

Begin Creating Database for Design Study
Wed Aug 20,2008 03:53:38
Elapsed Time  (sec):  0.21

CPU Time (sec): 0.13
Memory Usage (kb): 26351
Work Dir Disk Usage (kb): 0

Step Elapsed Time (sec): 0.00
Step CPU Time  (sec): 0.00

Begin Integrated Mode Error Checking
Wed Aug 20, 2008 03:53:38
Elapsed Time  (sec): 0.22

CPU Time (sec): 0.13
Memory Usage (kb): 26351
Work Dir Disk Usage (kb): 0

Checking the model before creating elements...

These checks take into account the fact that AutoGEM will
automatically create elements in volumes with material
properties, on surfaces with shell properties, and on curves
with beam section properties.

Step Elapsed Time (sec): 0.08
Step CPU Time  (sec): 0.03

Begin Generating Elements
Wed Aug 20,2008 03:53:38
Elapsed Time  (sec):  0.30

CPU Time (sec): 0.16
Memory Usage (kb): 26372
Work Dir Disk Usage (kb): 0

Copying elements from an existing study model ...
Successfully copied elements from an existing study model.
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A complete set of elements already exists.

OK

Step Elapsed Time (sec): 9.31
Step CPU Time  (sec): 9.22

Begin Integrated Mode Error Checking
Wed Aug 20, 2008 03:53:47
Elapsed Time  (sec): 9.61

CPU Time (sec): 9.37
Memory Usage (kb): 76084
Work Dir Disk Usage (kb): 0

Checking the model after creating elements...
No errors were found in the model.

Step Elapsed Time (sec): 1.95
Step CPU Time  (sec): 1.86

Begin Engine Bookkeeping
Wed Aug 20, 2008 03:53:49
Elapsed Time (sec): 11.56

CPU Time (sec): 1123
Memory Usage (kb): 76084
Work Dir Disk Usage (kb): 0

Step Elapsed Time (sec): 3.99
Step CPU Time  (sec): 3.55

Begin Analysis: "MWP_FAT 4AM _20AUG"
Wed Aug 20, 2008 03:53:53
Elapsed Time  (sec): 15.55

CPU Time (sec): 14.78
Memory Usage (kb): 132728
Work Dir Disk Usage (kb): 0

Step Elapsed Time (sec):  9.68
Step CPU Time  (sec): 5.25

Begin Fatigue Life Calculation

Wed Aug 20, 2008 03:54:03
Elapsed Time  (sec): 25.23
CPU Time (sec):  20.03
Memory Usage (kb): 193840
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Work Dir Disk Usage (kb): 0

Step Elapsed Time (sec): 14589.10
Step CPU Time  (sec): 14585.73

Completed Analysis: MWP_FAT 4AM 20AUG
Wed Aug 20, 2008 07:57:12

Elapsed Time  (sec): 14614.34

CPU Time (sec): 14605.77

Memory Usage (kb): 205506

Work Dir Disk Usage (kb): 0
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Appendix C Simulation result Summary for Structural (static) Design
Study of 1000 mm “seam weld” pipe model

Mechanica Structure Version L-03-40:spg
Summary for Design Study "full seam welded 2am26dec10"
Wed Dec 29,2010 16:58:05

Run Settings
Memory allocation for block solver: 128.0

Parallel Processing Status

Parallel task limit for current run: 8

Parallel task limit for current platform: 64

Number of processors detected automatically: 8
Checking the model before creating elements...
These checks take into account the fact that AutoGEM will
automatically create elements in volumes with material
properties, on surfaces with shell properties, and on curves
with beam section properties.

Generate elements automatically.
Checking the model after creating elements...
No errors were found in the model.
Mechanica Structure Model Summary

Principal System of Units: millimeter Newton Second (mmNs)

Length: mm
Force: N
Time: sec

Temperature: C

Model Type: Three Dimensional

Points: 1043
Edges: 5106
Faces: 7087
Springs: 0
Masses: 0
Beams: 0
Shells: 0
Solids: 3024
Elements: 3024
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Standard Design Study
Static Analysis "full seam welded 2am26dec10™:

Convergence Method: Multiple-Pass Adaptive
Plotting Grid: 10

Convergence Loop Log: (16:58:10)
>>Pass 1 <<
Calculating Element Equations (16:58:10)
Total Number of Equations: 2883
Maximum Edge Order: 1
Solving Equations (16:58:11)
Post-Processing Solution (16:58:11)
Calculating Disp and Stress Results  (16:58:12)
Checking Convergence (16:58:53)
Elements Not Converged: 3024
Edges Not Converged: 5106

Local Disp/Energy Index: 100.0%

Global RMS Stress Index:  100.0%
Resource Check (16:58:54)

Elapsed Time (sec): 48.97

CPU Time (sec): 2597

Memory Usage  (kb): 290776

Wrk Dir Dsk Usage (kb): 22528

>>Pass 2 <<

Calculating Element Equations (16:58:54)
Total Number of Equations: 17709
Maximum Edge Order: 2
Solving Equations (16:58:55)
Post-Processing Solution (16:58:56)
Calculating Disp and Stress Results  (16:58:57)
Checking Convergence (16:59:33)
Elements Not Converged: 1373
Edges Not Converged: 3469

Local Disp/Energy Index: 96.8%

Global RMS Stress Index:  30.1%
Resource Check (16:59:34)

Elapsed Time (sec): 89.11

CPU Time (sec): 4941

Memory Usage  (kb): 313560

Wrk Dir Dsk Usage (kb): 22528
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>> Pass 3 <<

Calculating Element Equations (16:59:34)
Total Number of Equations: 56046
Maximum Edge Order: 4
Solving Equations (16:59:40)
Post-Processing Solution (16:59:46)
Calculating Disp and Stress Results  (16:59:48)
Checking Convergence (17:00:24)
Elements Not Converged: 511
Edges Not Converged: 991

Local Disp/Energy Index: 68.7%

Global RMS Stress Index:  9.1%
Resource Check (17:00:25)

Elapsed Time (sec): 140.18

CPU Time (sec): 94.70

Memory Usage  (kb): 321880

Wrk Dir Dsk Usage (kb): 189440

>> Pass 4 <<

Calculating Element Equations (17:00:25)
Total Number of Equations: 74112
Maximum Edge Order: 5
Solving Equations (17:00:31)
Post-Processing Solution (17:00:39)
Calculating Disp and Stress Results  (17:00:41)
Checking Convergence (17:01:38)
Elements Not Converged: 133
Edges Not Converged: 346

Local Disp/Energy Index: 29.2%

Global RMS Stress Index:  9.9%
Resource Check (17:01:38)

Elapsed Time (sec): 213.89

CPU Time (sec): 146.61

Memory Usage  (kb): 330648

Wrk Dir Dsk Usage (kb): 270336

>> Pass 5 <<

Calculating Element Equations (17:01:39)
Total Number of Equations: 89511
Maximum Edge Order: 5
Solving Equations (17:01:45)
Post-Processing Solution (17:01:54)
Calculating Disp and Stress Results  (17:01:57)
Checking Convergence (17:02:44)
Elements Not Converged: 1
Edges Not Converged: 24

Local Disp/Energy Index: 12.3%
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Global RMS Stress Index:  1.9%
Resource Check (17:02:45)

Elapsed Time (sec): 279.98

CPU Time (sec): 210.01

Memory Usage  (kb): 337112

Wrk Dir Dsk Usage (kb): 352256

>>Pass 6 <<

Calculating Element Equations (17:02:45)
Total Number of Equations: 103290
Maximum Edge Order: 6

Solving Equations (17:02:53)

Post-Processing Solution (17:03:05)

Calculating Disp and Stress Results  (17:03:08)

Checking Convergence (17:04:03)
Elements Not Converged: 0
Edges Not Converged: 0

Local Disp/Energy Index:  2.7%
Global RMS Stress Index:  1.1%

RMS Stress Error Estimates:

Load Set Stress Error % of Max Prin Str

SummedLoadSet  2.88e+00 0.5% of 5.34e+02

Resource Check (17:04:33)
Elapsed Time (sec): 388.20
CPU Time (sec): 311.76
Memory Usage (kb): 340056
Wrk Dir Dsk Usage (kb): 446464

The analysis converged to within 10% on
edge displacement, element strain energy,
and global RMS stress.
Total Mass of Model: 1.889652¢-02
Total Cost of Model: 0.000000e+00
Mass Moments of Inertia about WCS Origin:
Ixx: 2.13966¢+02
Ixy: 4.89714e-07 lyy: 6.40582e+03

Ixz: -8.19801e-02 Iyz: 1.18975e-07 1zz: 6.40583e+03
Principal MMOI and Principal Axes Relative to WCS Origin:
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Max Prin Mid Prin Min Prin
6.40583e+03 6.40582¢e+03 2.13966¢e+02

WCS X: -1.32400e-05 0.00000e+00 1.00000e+00
WCS Y: 0.00000e+00 1.00000e+00 0.00000e+00
WCS Z: 1.00000e+00 0.00000e+00 1.32400e-05

Center of Mass Location Relative to WCS Origin:
( 5.00000e+02, -4.34977¢-08, 8.67678e-03)

Mass Moments of Inertia about the Center of Mass:

Ixx: 2.13966e+02
Ixy: 7.87363e-08 lyy: 1.68168e+03
Ixz: 4.02803e-07 Iyz: 1.18968e-07 Izz: 1.68170e+03

Principal MMOI and Principal Axes Relative to COM:

Max Prin Mid Prin Min Prin
1.68170e+03 1.68168¢e+03 2.13966e+02

WCS X: 2.74439¢-10 5.36435e-11 1.00000e+00
WCS Y: 6.79090e-06 1.00000e+00  -5.36454¢-11
WCS Z: 1.00000e+00  -6.79090e-06  -2.74438e-10

Constraint Set: constraint_full seam welded: FULL_SEAM WELDED

Load Set: SummedLoadSet
gravity full seam welded: FULL SEAM WELDED
flow full seam welded: FULL SEAM WELDED
pressure full seam welded: FULL_SEAM WELDED

Resultant Load on Model:
in global X direction: 8.006800e+01
in global Y direction: -1.853736e+02
in global Z direction: -8.977477e-07

Measures:

Name Value  Convergence
max_beam_bending: 0.000000e+00  0.0%
max_beam tensile: 0.000000e+00  0.0%
max_beam torsion: 0.000000e+00  0.0%
max_beam total: 0.000000e+00  0.0%
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max_disp_mag;: 1.583147e-01 0.1%
max_disp_x: 2.079850e-02  0.4%
max_disp_y: 1.555445e-01 100.0%
max_disp z: -1.580808e-01  0.1%
max_prin_mag:  5.337622e+02  5.5%
max_rot_mag: 0.000000e+00  0.0%
max_rot_Xx: 0.000000e+00  0.0%
max_rot_y: 0.000000e+00  0.0%
max_rot_z: 0.000000e+00  0.0%
max_stress_prin: 5.337622e+02  5.5%
max_stress vim:  3.184114e+02  8.4%
max_stress xx: 4.851895¢+02  5.1%
max_stress xy: -1.154734e+02 12.0%
max_stress xz: -1.277928e+02 17.3%
max_stress yy:  2.467465¢+02  3.2%
max_stress yz: -1.003217e+02  0.2%
max_stress zz: 2.436785¢+02 4.2%
min_stress_prin: -2.947144e+02  3.7%
strain_energy:  5.129151e+05  0.0%

Analysis "full seam_welded 2am26dec10" Completed (17:04:33)

Memory and Disk Usage:

Machine Type: Windows NT/x86
RAM Allocation for Solver (megabytes): 128.0

Total Elapsed Time (seconds): 389.05

Total CPU Time (seconds): 312.37

Maximum Memory Usage (kilobytes): 340056
Working Directory Disk Usage (kilobytes): 446464

Results Directory Size (kilobytes):
228251 Mull seam welded 2am26dec10

Maximum Data Base Working File Sizes (kilobytes):
295936 Mull seam welded 2am26dec10.tmp\kblk1.bas
130048 Mull seam welded 2am26dec10.tmp'kell.bas
20480 \full seam welded 2am26dec10.tmploell bas

Run Completed
Wed Dec 29,2010 17:04:34



Appendix D Simulation result Log for Structural (fatigue) Design Study of
50 mm “unwelded” pipe model

Mechanica Structure Version L-01-41:spg
Log for Design Study "UNWELDED R50 FAT 1AM 18SEP"
Thu Sep 18,2008 01:34:41

Begin Creating Database for Design Study
Thu Sep 18,2008 01:34:41
Elapsed Time  (sec):  0.17

CPU Time (sec): 0.12
Memory Usage (kb): 26228
Work Dir Disk Usage (kb): 0

Step Elapsed Time (sec):  0.00
Step CPU Time  (sec): 0.02

Begin Integrated Mode Error Checking
Thu Sep 18,2008 01:34:41
Elapsed Time  (sec):  0.17

CPU Time (sec): 0.14
Memory Usage (kb): 26228
Work Dir Disk Usage (kb): 0

Checking the model before creating elements...

These checks take into account the fact that AutoGEM will
automatically create elements in volumes with material
properties, on surfaces with shell properties, and on curves
with beam section properties.

Step Elapsed Time (sec):  0.02
Step CPU Time  (sec):  0.02

Begin Generating Elements
Thu Sep 18,2008 01:34:41
Elapsed Time  (sec):  0.19

CPU Time (sec): 0.16
Memory Usage (kb): 26228
Work Dir Disk Usage (kb): 0

Copying elements from an existing study model ...
Successfully copied elements from an existing study model.
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A complete set of elements already exists.

oK

Step Elapsed Time (sec):  0.25
Step CPU Time  (sec): 0.25

Begin Integrated Mode Error Checking
Thu Sep 18,2008 01:34:42
Elapsed Time  (sec): 0.44

CPU Time (sec): 0.41
Memory Usage (kb): 31844
Work Dir Disk Usage (kb): 0

Checking the model after creating elements...
No errors were found in the model.

Step Elapsed Time (sec): 0.08
Step CPU Time  (sec): 0.08

Begin Engine Bookkeeping
Thu Sep 18,2008 01:34:42
Elapsed Time (sec): 0.53

CPU Time (sec): 0.48
Memory Usage (kb): 31844
Work Dir Disk Usage (kb): 0

Step Elapsed Time (sec):  0.16
Step CPU Time  (sec): 0.17

Begin Analysis: "UNWELDED R50 FAT 1AM_18SEP"
Thu Sep 18,2008 01:34:42
Elapsed Time (sec): 0.69

CPU Time (sec): 0.66
Memory Usage (kb): 43888
Work Dir Disk Usage (kb): 0

Step Elapsed Time (sec): 0.13
Step CPU Time  (sec):  0.11

Begin Fatigue Life Calculation

Thu Sep 18,2008 01:34:42
Elapsed Time  (sec): 0.82
CPU Time (sec): 0.76
Memory Usage (kb): 47196
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Work Dir Disk Usage (kb): 0

Step Elapsed Time (sec): 544.00
Step CPU Time  (sec): 543.81

Completed Analysis: UNWELDED RS0 FAT 1AM 18SEP
Thu Sep 18,2008 01:43:46

Elapsed Time  (sec): 544.82

CPU Time (sec): 544.58

Memory Usage (kb): 47216

Work Dir Disk Usage (kb): 0
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