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ABSTRACT

The main objective of the project was to conceptually design a friction stir welding
machine for joining rails. The applicability of friction stir welding types and its
application in rail joining was investigated. A number of machine concepts for joining
rail using friction stir welding techniques were developed and a final workable concept
was laid out. In addition, the existing methods and machines for joining rails were
considered, including arc welding, exothermic welding, flash butt welding and manual
joining (rails joined by means of splice plate). After comparing different methods of
joining rails, an optimized method was selected. The capabilities of the new
conceptual machine, such as its ability to accommodate various rail profiles, were
demonstrated through designs and various calculations. The development cost
analysis was performed and a comparison was made with the other three methods of
joining rails. Consequently, it was concluded that friction stir welding concept could be

applied in rail joining and the costs associated with it could be lowered.
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1 INTRODUCTION

Rail welding plays an important role in railway business. A cheap and effective method
for joining rails is critical for a successful railway business and performance. High
quality welding of rail is essential in maintaining high standards of safety in the
industry. Rail fracture due to poor quality welds costs several millions of rands per
annum. Twenty percent of rail derailments are caused by poor quality welding of rails
throughout the world, (Sun and Davis, 2001). Railway industries are paying enormous
amounts of money buying equipment for welding which requires highly qualified
technical teams of welders. The average cycle time for completing one weld varies
between 3 and 10 minutes (Judge T, 1998).

Welding processes produce welds with consistent quality and good service
performance and have minimum dependency on the skills of the workers (Judge T,
1998). Welding processes can introduce undesirable residual stresses and distortions
in the final fabricated components as well as localised loss of mechanical properties at
the weld joints (Murphy et al. 2007).

Two main welding methods for joining rails are used, namely: exothermic welding and
flash-butt welding. These methods do not meet all the requirements for joining rails,
therefore, it is critical to look at other possibilities of rail welding by applying friction

welding concepts for joining rails.

Friction welding has long been recognized as a cost effective alternative method of
producing highly complex shaped components for a broad variety of components in
automotive, electrical, mining, transportation, or agricultural industries. Friction welding
has many advantages, these include welds with a fine grain heat-affected zone
structure, material and machining cost savings, 100% bond of full cross section, high
production rates, automatic repeatability, welds stronger than the parent material with
excellent fatigue resistance, and the advantage of joining similar and dissimilar

material with no added fluxes or filler metals.

Therefore, friction welding can be applied in the railway industry.



1.1PROBLEM STATEMENT

It is common practice world wide to join rails; these rails have by their physical nature
a high carbon content. In South Africa, the maijority of rails are still joined by the
traditional method of bolting two rail plates (fisher plates) a method however
associated with high maintenance costs. This method of joining rails produces rail
discontinuity and as a result dynamic impact forces are formed. Dynamic impact
forces are associated with high normal stresses on the rails, ballast and the subgrade.
High stresses on both the ballast and the subgrade increase ballast settlement and
produces uneven track (Judge T, 1998). As a result, the fisher plate method of joining
rails is associated with high maintenance and labour cost leading to poor rail

operations.

During rail joining operations, the flash-butt welding process does consume rail
material, approximately 35 mm of rail and longitudinal rail movement is also needed
for the flashing and forging processes (Bhadeshia, 2000). The defect rate for flash-butt
welding is low as compared to exothermic welds (Sun and Davis, 2001). On the other
hand, it has been deduced that the strength, ductility and the fatigue properties of
exothermic weld metal have not been as high as those of the rail steel (Bhadeshia,
2000). The properties that create these differences are mainly attributed to its dendritic

cast structure, porosity and inclusions.

Therefore, the friction stir welding method can be used to reduce maintenance costs
considerably. Also, it is sometimes not possible to align the rails properly in order to
minimise the impact forces of running trains. The expansion gap between two rails
helps during the rapid change of temperature gradient. However this has been
overcome by recent studies which show that the weld between two rails could also

allow rails to expand without any serious damage on the rail (Bhadeshia, 2000).

Furthermore, exothermic welding, gas pressure welding and flash-butt welding
processes are globally used for joining rails. These processes have their drawbacks
as most of them require highly qualified personnel and high capital investment. For

example the exothermic welding process requires extensive training for operators and



high capital costs in order to achieve high quality weld. The flash butt welding process
usually comes as a large automated truck with high mechatronics systems and it
requires substantial initial capital investment. However, the FBW (Friction-butt
Welding) process is environmentally friendly and requires adequate rather than
extensive training in order to obtain quality welds. The gas pressure welding process

is not in used in South Africa due its bad quality weld.

In South Africa the most commonly used rail joining welding process is the exothermic
welding technique. The flash-butt welding process is thought to be the best at present
in joining rails. However, South Africa cannot keep up with the required high initial
investment costs and high maintenance costs thereafter. Consequently, there is a
need to develop friction stir welding processes which could give cost benefits over and

above what the traditional welding processes are offering.

Welding process should meet the following requirements (Sun and Davis, 2001):

e The total welding time should be short enough to fit available track windows.

¢ The welding equipment should be portable so it can be easily transported.

¢ Rail movement and consumption should be prevented or minimized.

e The process should be easily adaptable to all commonly-used rail sections.

e The process should be flexible enough to tolerate rails with varying wear levels.
e The average weld cost and initial equipment costs should be kept at a

reasonable level.

If designed and applied correctly, the friction stir welding process can be used for

joining rails in the South African railway environment.



1.2 OVERVIEW OF RAIL JOINING IN THE SOUTH AFRICAN RAILWAY
INDUSTRY

1.2.1 OBJECTIVES OF THIS STUDY

Rail joining by means of welding plays an important role in freight performance,
maintenance costs and delivery reliability in freight rail industries. Also, it has been
concluded that 20% of rail infrastructure costs are directly derived from rail joining
(Sun and Davis, 2001). The current methods used for joining rails have many
disadvantages, including amongst other, high capital costs required, extensive training
for operators required and a high level of defects attached. Therefore, the first
objective of this project is to apply friction welding techniques in joining rails. Several
concepts are to be generated based on friction stir welding techniques. The feasibility
of the selected concepts is to be evaluated by means of performing costs analysis on
the concepts. Also, engineering design methodology is to be used to validate the

selected concepts.

1.3RESEARCH CONTRIBUTION

Reproducing a higher quality weld in joining rails has remained a challenge in the
railway environment. In summary the contributions made by this research to the pool

of knowledge are as follows:

e The application of appropriate friction stir welding for joining rails. Various
friction welding methods are to be reviewed and the best process for joining
rails is to be implemented.

e The use of joining rails by means of a friction stir welding machine. At present
the friction stir welding process is mainly used in joining thin (about 50 mm)
aluminium alloy sheets.

e The uses of friction stir welding for joining carbon steel of irregular shape like
rails.

e Tool pin profile optimization and design.



e The development and design of a friction stir welding machine for joining rails,
the machine having the ability to control important parameters, such as,

welding speed, pin rotational speed, welding force and the normal force.
1.4 ACADEMIC AND PRACTICAL IMPORTANCE OF THE STUDY

The friction stir welding process is mostly used for joining aluminium alloy sheets for
aerospace and motor industries. This method is used in rare cases to join low carbon
steel. Despite its ability to join different material of any chemical composition it has
been used mostly in joining flat shaped sheets. Rail in its form can be seen as the |-
beam shape. The FSW has never been used for joining complicated shapes like the |-

beam ones.

This study introduces a conceptual design of joining complex shapes of high carbon
content steel by means of the friction stir welding process. The FSW process is seen
and has been proven to be an economical process; therefore this study will bring forth
the benefits of high quality welds for joining rails. Consequently, the quality of rail
welds is to be improved. At the moment studies show that the current methods for
joining rails are expensive due to the high cost of training and high capital cost

required.

In terms of academic requirements, this project cannot cover all the required aspects
including, the microstructure of the material due to the FSW process and the design of
a friction stir welding tool pin. Therefore, this leaves a wide gap for research into and
an understanding of high carbon steel micro structural behaviour and the design of a
tool pin. It is to be noted that this project will focus mostly on the conceptual design of

the outer structure of the machine.

1.5RESEARCH METHODOLOGY

An overview of the project approach and methodology is briefly outlined below.



1.5.1 RESEARCH AND DESIGN CONTEXT

The friction stir welding process has never been used for joining rails in the railway
environment. In joining rails by using friction stir welding, the following aspects are

required:

e The profile shape of the rail must be kept. This is to ensure that
e The material properties of the rail weld joint must be that of the parent material.
e The entering and exiting point of the rotating tool pin must not damage the rail

profile

The focus of the design project will be mostly on the structural mechanical design of
the machine and will therefore not be an in depth into the metallurgical processes and
the macrostructure of the material. During this study the following hypothesis is to be

tested:

The friction stir welding process can be used to join rails of different profiles and it can
also yield a high quality weld. A critical conceptual design of a friction stir welding
machine could result in adding value to safety, increasing weld joints quality and

productivity and reducing costs of rail joining in railway industry in South Africa.

1511 RESEARCH AND CONCEPTUAL DESIGN APPROACH

The conceptual design and research implemented in this report are outlined below.
This approach is used mainly to address the research hypothesis. As mentioned
earlier in the chapter, the successful design concept must be the one which will give
costs benefits and give rise high quality welds with a limited number of machine
operators. Hence, the major contribution of this research report is found in chapter 4.

A brief outline of the report is given below.



Chapter 2: Literature review and background knowledge:

Process modelling and prognosis of a friction stir welding process are vital before
designing the actual model of the process. Therefore, various FEM methods for
envisaging friction stir welding processes have been investigated from various sources

and various methods have been outlined.

Chapter 3: Design proposal

In chapter three, the design development has been presented in detail. The design
development comprises six design concepts, from which the best concept has been
chosen based on its performance and design requirements. Basic friction stir welding

machine requirements have been explained in detail.

Chapter 4: Design specification

The overall description of the designed machine and the general assembly of the
machine have been presented. These also include two subassemblies for the top
structure and the bottom structure of the machine and three different views of the
general assembly. A cost analysis of the friction stir welding machine was carried out
and various assumptions have been made since most of the information is not

available.

Chapter 5: Conclusion and recommendation

The design and research outcomes will be summarised in chapter five.

Appendix A:
The following sub-headings are clearly discussed:
e Brief history of friction stir welding
e Detailed explanation of friction stir welding terms

e General understanding of friction stir welding techniques



Appendix B:

In order to validate the concept chosen, design calculations were performed on the
following components: extended shaft, rail clamp, structure supporting the electric
motor, vibration isolator and the lifting mechanism. Also, the final design concept
includes purchased components, such as the drive motor unit from ALSTOM; the
electro-hydraulic drive from Dabeb-elram; and the coupling that connects the output
shaft of the motor drive and the extended shaft from the Falk Corporation.

Appendix C:
Conditions monitoring of welded rails are discussed. These include amongst others,

how welded rails are inspected, tests performed on the welds etc.

Appendix D:

Tables on how to identify rail types and rail profiles are placed in this section.

Appendix E:
Tool loading requirements for available materials like aluminium and low carbon steel

are also discussed in this section.

Appendix F:
The following sub-sections are discussed:
e Selected electric motor dimensions
e Selected electro-hydraulic geometry
e Performance table for electro-hydraulic actuator

e Coupler section information from the Falk Corporation

Appendix G:

Personal/email communication

Appendix H:

Engineering graphs and tables used for calculations are placed here.



1.6 CHAPTER SUMMARY

This chapter provides a brief outline of how rails are joined in South Africa. Both the
primary and secondary objectives of the study have been outlined. The research

methodology for this project has also been presented.

Introduction

y

Literature review and
background knowledge

A
Design proposal

\ 4
Design specification

A 4

Conclusion and
recommendation

Figure 1.1: Structure of the report
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Figure 2.1: Integration of conceptual design and process planning

This section outlines the review and process analysis of friction stir welding as applied
to joining flat sheet. The work of researchers who have contributed to mathematical
modelling and FEA modelling of the friction stir welding process have been looked at.
The review includes the conclusions made on what parameters are vital in friction stir
welding process. Also, this section explains and introduces the reader into the world of
friction welding. A brief history of welding as a general term has been discussed and
introduced in Appendix B. Various types of friction welding have also been discussed.
The types of friction welding discussed amongst others are: friction stir welding, linear

friction welding, spin friction welding.

“Conceptual design is the creation, exploration, and presentation of ideas on how a
new product will work and meet its performance requirements. Conceptual design is
about what is possible for a product to be (Armour, R. et al 2007)”. To different people,
conceptual design cannot mean the same things. The concept could represent e.g.
the automotive future, but also represent the style and robustness of the company
presenting them. “To others, conceptual design is all about making prototypes and

thus limiting their idea of conceptual design”.
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Stages in conceptual design (as shown in Figure 2.2) include:

e Develop Requirements
e Develop Concept

¢ Validate Concept and Work Statement

Define Gather Concept Evaluation
Problem Information Generation Of Concepts _‘

Conceptual Design

_ Product | .[Configuration . Parametric | | Detal
atciE HHESDEE B Desian

Embodiment Design

Figure 2.2: Conceptual design

Figure 2.1, shows how conceptual design and process planning are integrated (Shaw
and Eugene, 2000). This research project focuses mainly on the conceptual design of
the friction stir welding machine. Even though more work is to be done on the friction
stir welding process itself, the conceptual design of the machine is to focus mainly on
the structural integrity of the machine. As shown in Figure 2.1, conceptual design
encompasses the generation of concepts and integration into system-level solutions,

leading to a relatively detailed design.

2.1 REVIEW OF PREVIOUS WORK AND AVAILABLE LITERATURE

2.2 FRICTION STIR WELDING IN GENERAL

This process of welding is similar to angular friction welding; however it is used mostly
to join two metals without fusion or filler materials and without reaching the melting
temperature of the metal. Friction stir welding was invented at the Welding Institute

(TWI), Cambridge, in early the 1990s. It is used mostly to join structural components
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made of aluminium and its alloys, copper and its alloys, lead, titanium and its alloys,
magnesium alloys, zinc, plastics, and mild steel (Stockholm, 2005). This process has
been proved to yield high-quality welding results as compared to the traditional way of
material welding. Also, this process is mostly used and suitable for joining long and flat
pieces of plates and sheets. In this process, the welds are formed by the combined
action of heat due to friction and the mechanical deformation due to a rotating tool.
Furthermore, the process requires the use of parameters for each application to
provide optimum weld characteristics. These parameters include amongst others tool

design, rotation speed, and welding force (Colligan, 2001).

The basic process of friction stir welding is shown in Figure 2.1 (FPE & Gatwick
Fusion Ltd).
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Figure 2.3: Fundamental process of friction stir welding

In the past friction stir welding used to require high capital investment; however, due to
rapid technology improvement, capital investment costs have been considerably
reduced (Smith et al, 2001). Furthermore, more industries are engaged in using the
process because of its high cost benefits. At the moment products like chassis, crush
horns, body enclosures, hoods, suspension links and gas tanks are being designed for

the process. Also, friction stir welding does not only give the cost benefits but it also
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provides vast improvements in mechanical properties. Figure 2.3 shows friction stir

welding parameters and terminology used to identify them.

Friction stir welding has the following benefits amongst others (Smith et al. 2001):

e Improved weld quality

¢ Reduced distortion

e Low power requirements

¢ No filler metal or shielding gas required

¢ No unsightly soot

e Adaptable to all positions

o Fatigue life 2-10 times longer than arc welding

e Able to join various non-ferrous alloys (even those considered un-weldable)

e Mechanical strength of joint equal or close to original base material

¢ Could weld material thickness ranging from 1 mm to 50 mm and above

e Generates no fumes or zone ( that is environmentally friendly)

e Quiet

e No spatter

¢ No ultraviolet light

e Reduced need for cleaning of part (that is, reduced need for chemical
cleaning agents)

Typical examples of friction stir welding in practice are shown in Figure 2.4 (Colligan,
2001)

Figure 2.4: Welding tool plunge (left) and transverse (right).
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Friction stir welding has a proven track record and this is shown by the increasing

number of companies that are moving rapidly to adopting friction stir welding process.

Colligan, (2001) summarises companies that adopted friction stir welding from 1995 to
2004 in ship construction, shown in Table 2.1 (Colligan, 2001).

Table 2.1: Companies who adopted friction stir welding from 1995 to 2004 in ship
construction.

Year Application Company
1995 | Hollow heat exchangers Marine Aluminum, Norway
1996 | Commercial shipbuilding Marine Aluminum, Norway
1998 | Delta Il rockets Boeing, US
1999 | Commercial shipbuilding SAPA, Sweden
2000 [ Automotive components SAPA, Sweden
2000 | Laser system housings General Tool, US
Hydro Aluminum (formerly Marine Aluminum),
2001 | Motor housings Norway
2001 [ Automotive components Showa, Japan
2001 | Train bodies Hitachi, Japan
2002 | Automotive components Tower Automotive, US
2003 | Aircraft structure Eclipse, US
2003 | Commercial shipbuilding Advanced Joining Technologies, US
Space shuttle external
2004 | tanks Lockheed Martin, US
2004 | Food trays RIFTEC, Germany

Smith et al. (2001) summarises the industry category, specific application, present

process and the advantages of friction stir welding (FSW) and the information is
tabulated in Table 2.2 (FPE & Gatwick Fusion Ltd website).
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Table 2.2: Typical applications of friction stir welding

Specification Present
Industry category [ application process Advantages of FSW
Heat sinks-welded Higher density of fins-better
Electrical laminations GMAW conductivity
cabinets, GMAW, reduced cost, weld through
Electrical enclosures RSW corrosion coatings
Batteries leads Solder Higher quality
Military shipping pallets GMAW reduced costs
customized Not done Could customized, reduces need
Extrusions extrusions today for large press
GMAW,
Boats keel, tanks rivets stronger, less distortion
Golf cars, chassis, less distortion, better
snowmobiles Suspension GMAW fatigue life
Fittings, long and
circum higher quality -less leaks
Tanks, cylinders | seam GMAW higher uptime
higher quality -cheaper (no rivets
Aerospace Floors, wing spars | Rivets and holes)

2.2.1 PREVIOUS WORK ON JOINING METAL SHEETS BY FSW PROCESS

From the literature review it can be concluded that the shape of a tool pin plays an
important role in friction stir welding (Elangovan at al. 2007). They stress the influence
of tool pin shape and axial force on the formation of the friction stir welding process. In
their study, AA6061 aluminium alloy was used during the experiment. They
summarised their findings in graphical way. Figure 2.5 (Lienert et al, 2003), shows
how axial force and tool geometry may affect yield strength, tensile strength and joint

efficiency.

Woo et al. (2007) also studied the influence of tool pin and shoulder on microstructure
and natural aging kinetics in the FSW process. In their study, 6061-T6 aluminium alloy
was used for the experiment. Natural aging behaviour after the FSW process was
investigated in these studies. In this study no major conclusion which will add to this

project has been made.
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Figure 2.5: Effect of axial force and tool pin shape on tensile properties.

Kallgren, (2005) in his PhD thesis, studied the joining of copper canisters for nuclear
waste by means of friction stir welding. In his studies, he focused on the
characterisation of the FSW joints and modelling of the process, both analytically and

numerically.
However, Zhang and Chen, (2007) have studied the material behaviour in the FSW
process by means of using rate-dependent constitutive model. In both their studies,

1081 steel was used in the experiment. The following conclusions were made:

e The border of the shoulder can affect the material flow near the shoulder-plate

interface.
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e The mixture of the material in the lower half of the friction stir weld can benefit
from the increase in the angular velocity or the decrease in the welding speed.
But flaws may occur when the angular velocity is very high or the transitional
velocity is very small.

e When the angular velocity applied on the pin is small or the welding speed is
high, the role of the extrusion of pin on the transport of material in FSW
becomes very important.

e Swirl or vortex may be easier to be observed with the increase in the angular

velocity of the pin.

Zhang and Zhang (2007) present the 3D material flows and mechanical features
under different process parameters by using the finite element method based on solid
mechanics, which study confirms that tangent flow constitutes the major part in
material flow. The increase of speeds, including the rotational speed and transitional
speed can both accelerate the material flow, especially in the front of the pin on the
retreating side where the fastest material occurs. Again, this study concluded that the
contact pressure on the pin-plate interface is decreased with the increase of angular

speed.

2.2.2 PREVIOUS WORK ON JOINING RAILS BY FRICTION STIR WELDING
PROCESS

Literature reviews that there is no work being done on joining rails by means of friction
stir welding. A rail, by its nature is composed of high carbon steel, and from literature
there is little work being done on joining high carbon content steel or even low carbon
steel. The friction stir welding is mostly being used for joining aluminium sheets metals
and various papers have been written on joining sheets by means of the friction stir

welding process.

2.2.3 PREVIOUS WORK ON JOINING RAILS BY OTHER METHODS

According to Ngoato, (2007), the following rail welding types are used in the South
African rail industry: Flash butt welding, exothermic (exothermic) welding and arc

welding (electrode welding). (See Appendix D). Arc welding is normally used where
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there is a skid mark in the rail. It is used only for filling up holes (skid marks) caused
by the high pulling force (power) of a locomotive. Ngoato, (2007), describes flash butt
welding as the fusing of two rail ends at very high pressure and temperature. The
Exothermic welding is performed by igniting the mixture of aluminum and iron in a

mould placed on top of two rail ends with a definite rail gap.

The greatest competition of rail welding techniques lies between exothermic welding
and flash-butt welding. The exothermic weld still enjoys a larger proportion of welds as
compared to that of flash-butt welds while the electric flash-butt weld has strong

competition from exothermic companies (Stump, 1998).

Below are the different types of rail joining processes used to join rails in South African
railways. See Appendix C on how rails are inspected after being welded and the test

conducted to test the quality of rail. Each process is discussed in great detail.

2231 RAIL JOINED BY NUTS AND BOLTS

As shown in Figures 2.6 and 2.7, this type of rail joining uses purely mechanical
mechanism components which includes the fisher plate, nuts and bolt. Figure 2.6 and
Figure 2.7 show how two rails are joined by means of a fisher plate. This method has
been used over decades for joining rails; however, it has some limitations. In many
countries, including South Africa, this type of practices is being replaced by
exothermic welds which are believed to be sufficient and appropriate for the joining of
rails. It has been established that the maintenance costs of rail and other components
could be reduced by at least 50% if fisher-plated joint is eliminated (More, 1993). In
addition, the life of rails, sleepers, ballast and subgrade components could be
prolonged by reducing the number of fisher-plated rail joints in the railway line (More,
1993).
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Figure 2.7: Nut and bolt jointed rail in South Africa
2.2.3.2 RAIL JOINED BY ARC (ELECTRODE) WELDING

The Electrogas welding (EGW) was developed in 1961 and is often used in the
shipbuilding industry and in the construction of storage tanks. The Arc welding
process is defined as a continuous vertical position arc welding in which an arc is
struck between a consumable electrode and the work piece (Howard and Helzer,

2005). Electrogas welding is unique because the electrode is not extinguished. The
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electrode remains stuck to the working piece until the process is completed. In railway

industries applications, arc welding is used to repair the skid marks.

The heat generated by power electricity causes both electrode and the working piece
to melt. Although, the electrogas welding can be used on low and medium carbon
steels and stainless steel, it has some limitations. In most cases, it can not be used in
high carbon content steel and other specialized materials such as copper. In order to
successfully apply the electrogas welding process in quenched and tempered steels,
high heat needs to be applied on the working piece. As a rule of thumb the maximum
thickness which this process is able to weld is 10 mm and the maximum available
diameter of the electrode is 200 mm while the height of the electrode varies from 100
mm to 20 mm (Howard and Helzer, 2005).

The electrode has positive polarity and constant voltage and direct current is supplied
to the electrode. The welding current of this process usually varies from 100A to 800A
and the voltage varies from 30 to 50 V (Howard and Helzer, 2005). This technique
was used during the time when it was cheaper than using bolted joints. However, at
present not many companies are still use this welding technique. Moreover, this
welding technique is associated with long welding time and high defect rate, both of
which are not desirable. As a result, most countries including South Africa, Canada

and USA are not using this technique to any further extent (Stump, 1998).

2.2.3.3 FLASH BUTT WELDING AS APPLIED IN RAILWAY

The flash-butt welding technique is rated number one worldwide in terms of zero or
low defect rate and high quality weld (Stump, 1998). Furthermore, welding time is
much better than the above mentioned welding technique; for this technique it takes a
maximum of 10 minutes to complete one weld depending on the type of rail material to
be welded. The following mobile units are commercially available: Holland mobile
welder and Plasser Super Stretch Flash-butt welding machine. These machines are
expensive and require a large investment for maintenance. Most investors feel that the

price is worth the service it delivers.
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The following companies are using the Holland welder/SuperPuller combination
machine: Canada National, Cionrail and CSXT. The Plasser Super Stretch unit is used

by Union Pacific and Burlington Northern.

Electric flash-butt welding has high productivity levels and is able to maintain the
material properties of the rail very accurately (Stump, 1998). Electric flash-butt welding
depends less on human skills than the exothermic welding technique. This technique
also has some limitations, for example, in an irregular welding situation such as
switches. This is the place where the welding head does not have the space to hold

the rails.

Zhang et al. (2006), conducted a study on flash butt welding of high manganese steel
crossing and carbon steel. This study compares the joining of carbon steel and
stainless steel and that of high manganese steel and stainless steel. The study has
indicated the feasibility of flash butt welding of high manganese steel crossing and the

carbon steel rail through austenite-ferrite two-phase stainless steel.

Figure 2.8 (British Standards, 2001), shows the system or mechanism used for joining

rail by the process called flash butt welding.

Figure 2.8: Combined vehicle rail/road for flash butt welding

The Flash butt welding has several advantages over other methods or techniques
used for joining rails.

e Reduces maintenance costs

21



e Faster installation

e Lowest life cycle cost

e Saves trucking time

¢ No weld filter material

e Smaller heat affected zone
e Smaller annealed zone

e Consistent hardness

e Highest fatigue resistance

e Average life equal to the rail

e 25% savings over exothermic

2234 RAIL JOINED BY EXOTHERMIC WELDING PROCESS

The Exothermic welding technique had little competition until about 1989. According to
Norfolk Southern, exothermic is not considered as sentimental in the railway industry
but is considered as a “necessary evil” (Stump, 1998). Burlington Northern has listed
the exothermic welding technique as the best when it comes to rail defects (Stump,
1998).

Mutton and Alvarez, (2003), have studied the failure mode of rail welds under high
axle load conditions in the exothermic welding process. They determined that about
75% of exothermic welds broke in the Newman mainline. On the other hand, Moller et
al. (2001) reflect that exothermic welds have the ability to support service loads.
Straight break failures and horizontal split-web fractures were briefly discussed in their
investigation. Horizontal split-web fractures are mentioned to be common failures in
both flash-butt and exothermic welds. However, friction stir welding has the potential

to overcome this.

In their paper Moller et al. (2001), clearly stated that service performance of rails

welds depends on:

e The structural behaviour of the welded joint and

e The better behaviour of the running surface.
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Apart from the above characteristics, the quality of exothermic welds also depends on

and are influenced by process parameters such as:

e Weld collar design
e Gap width
e Preheat conditions

e Portion chemistry

During the introduction of the electric flash-butt welding technique, manufacturers
strengthen their research and development team in order to ensure high improvement
in their product. The basic problem with the exothermic welding technique is that it
depends on human skill and can only be used in a particular site. The manufacturers
of exothermic welding tools have recently clamed that their process has involved less
human interference. Very soon and not later, exothermic welding tools or
manufacturers could be out of business since most projects are excluding the

exothermic welding technique (Stump, 1998).

Figure 2.9 (Holland Engineering Rail Solutions website), shows how the exothermic

welding technique is applied on the rail.

Figure 2.9: Example of exothermic welding applied on rail
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2.2.3.5

COMPARSON BETWEEN EXOTHERMIC AND FLASH BUTT WELDING

Table 2.3: Comparison of friction stir welding and other welding processes used for

joining rails
Welding type
Gas (Arc) Flash butt Exothermic Friction stir
welding welding welding welding
(proposed)

Type of rails All All All Selected few
identified
Vertical and Good Excellent excellent Excellent
horizontal alignment
of rails
No of people 3 3 6 2
required/manpower
to perform the weld
Set-up time 20 minutes 3 minutes 30 minutes 5 minutes
Tools and Special tool | No special tool | Metals No special tool
consumables required required
Recording of welding | Non Yes Non Non
parameters
Power required Relatively low High Relatively low Very low
Cooling control Not known Not known Required Not required
Ground smooth Yes Yes Yes Yes
required
Capital (machine) High Very high High Low
costs
Cutting out of Required Required Required Required
defectives
Number of joints per | Not known Not known Not known Not known
length of rail
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Table 2.4: Features Comparison of welding processes.

Features Flash Exothermic Friction Stir Advantage of Friction Stir
Butt weld | weld Welding welding

Basic Forging Casting The process does not use

metallurgy any filler material and it also
gives the parent material
properties of rail.

Automated YES NO YES The process does not

process depend much on operator
skills. Average person could
perform the welding

Heat affected | 40-60 145-185 mm 10-30 mm The heat affected zone is

zone mm very small as compared to
other welding processes

Full Rail Profile | YES NO YES Very good fatigue life, the

shear weld goes through from the
head to tail of the rail

Environmental | LOW High None No toxic gases produced or

pollution emitted

Personal LOW High None The chances of personal

Hazard injury is very low as this
process does not produce
any molten material

Failure rate LOW High None The process has a good

track record.

Figure 2.10 (Holland Engineering Rail Solutions website) shows an estimated cost per

weld of both exothermic and flash butt welding techniques, and as shown in Figure

2.10, exothermic welding is more expensive that flash butt welding. Figure 2.11

(Holland Engineering Rail Solutions website) shows the weld hardness of both

exothermic and flush butt welding techniques. It can also be seen from Figure 2.11

that flash butt welding has 30 Rockwell C and exothermic weld has approximately 27

Rockwell C. However, exothermic weld has a large heat affected zone as compared to

the flash butt weld. Table 2.4 shows a basic feature for the three main processes,

namely: exothermic, flash butt and friction stir welding techniques. In this table,

various advantages of friction stir welding as compared to the other (exothermic and

flash butt welding) have been given.
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2.3RAIL PROFILES USED IN SOUTH AFRICA

This section outlines the rail profile used in the South African railway environment. All
profiles have disadvantages and advantages. Rail profiles are designed to carry a
certain load. In the South African railway environment the following rail profiles are still
in use: 30 kg/m, 40 kg/m, 43 kg/m, 48 kg/m, 57 kg/m, 60 kg/m, S-49, UIC-60 and S-
60-SAR, see Appendix D. Table 2.5 shows different material types for rails mostly

used in South Africa and their sizes.

The most commonly used rail profiles in South Africa are: 43 kg/m, 48 kg/m, 57 kg/m

and 60 kg/m. See Appendix D for rail profile dimensions.

Table 2.5: Commonly used rail types and rail sizes

Rail type Rail size (kg/m)
HCOB/UIC A 30 to 40
HCOB/UIC A 48

HCOB/UIC A 57

Cr Mn 48

Cr Mn 57

Cr Mn 60

HH 60

2.4MODELLING OF FRICTION STIR WELDING PROCESS

The FSW process looks easy but its physics may become tedious and an
understanding of this process is vital in achieving high quality welds. Various authors
have carried out intensive research on the metal flow due to friction stir welding.
Kallgren, (2005) in his PhD thesis discussed various methods used for modelling
material flow due to friction stir welding. In his analysis, he used Rosenthal’s analytical
model, FEM solid model and FEM fluid model.
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According to Mishra and Ma (2005) metal flow is complex and depends much on the
type of tool pin geometry being used. Metal flow has the ability to influence the weld
quality and if not understood, weld quality may be compromised. Zhang and Zhang,
(2007) also provide 3D material flows and mechanical features under different process
parameters by using the finite element method based on solid mechanics. In their
analyses, the major conclusion made was that the tangent flow constitutes the major
part in material flow. The quality of joining plates by means of friction stir welding may
be increased by increasing the angular velocity of the pin. Reynolds, (2008) states that
understanding material flow is critical in determining the thermo-mechanical process

conditions during FSW.

Schneider and Nunes (2003) studied the characterization of plastic flow and resulting
micro-textures in a friction stir weld. This study emphasizes that when the pin is
inserted between the two plates, the metal becomes subjected to a thermo-
mechanical processing in which the temperature, strain and strain rate is not
completely understood. The optical image of the macroscopic features of a FSW

transverse section is show in Figure 2.12 (Schneider and Nunes, 2003).

Pin shoulder side

Advancing Side Retreating Side
Omnion ring
lavering

Parent
material

Anvil side

Figure 2.12: Optical image of the macroscopic features of a FSW transverse section.

Figure 2.12, clearly shows the difference between the parent material and the onion
ring layer or the stir portion of the material. Figure 2.12, also suggest that if

parameters such as pin speed and shoulder pressure are not controlled and
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understood, poor weld may be obtained. Therefore, it is important to understand
clearly the microstructure of the working piece and as a direct result; high quality weld
may be obtained. In addition, Murr et al. (1998) conducted a study on the
microstructural characterisation of aluminium alloys due to the friction stir welding
process. In this research article much can be learned and the approach used may also

be used in studying the characterisation of high carbon steel.

Lee et al. (2003) studied the feasibility of joining dissimilar material. In this case
aluminium alloy, cast aluminium alloy and wrought aluminium alloy were used for the
purpose of this study. They clearly concluded that the friction stir welding method
could be used to join dissimilar aluminium alloys which have different mechanical
properties without weld zone defects under a wide range of welding conditions. Su et
al. (2007) also came to the same conclusion that two metals of different chemical
properties may be joined together by employing the friction stir welding process. They
came to this conclusion by experimenting with welding two different aluminium alloys
by means of FSW process. For the purpose of joining two rails, this conclusion may
become useful since it is possible to find two rails of different chemical properties but

of the same geometry.

2.5DESIGN OF THE FRICTION STIR WELDING TOOL AND ITS
INFLUENCE

The aim of this section is to explain how different parameters in friction stir welding
affect the quality of welds carried out using friction stir welding. As compared to other
welding processes, the friction stir welding process does not use a consumable
working tool. Therefore, there is no filter material in the friction stir welding process.
Due to the complexity of the process, several terms need to be defined for a better
understanding of friction stir welding in railway. The following terms are explained in
the Table 2.6 from (Mishra and Ma, 2005): namely, tool pin, tool shoulder, advancing

side, retreating side, plunge depth, rotation speed and welding speed.

Figure 2.13 (Mishra and Ma, 2005) and Table 2.6 help clarify the most common terms
in the process (FSW)
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Figure 2.13: Friction Stir welding process terms.

Table 2.6: Definition of useful terms.

Terms Characteristics

Tool pin

o|t is extended from the shoulder of the working tool from the
motor.

¢ The shape of the tool pin is usually conical

¢t could be of any shape starting from a simple circular shape

to a thread tool

Tool shoulder

¢ This is a disk shaped part of the tool pin.

e |t forms the weld cap in the process of friction stir welding.

Advancing side

e The side of the tool where the local direction of the tool
surface due to tool rotation.

e The direction of transverse is in the same direction.

Retreating side

e The side of the tool where the local direction of the tool
surface due to tool rotation.

e The direction of transverse is in the opposite direction.

Plunge depth

e |s the maximum length of the tool pin inside the welded

piece.

Rotation speed

e Measured by rev/min and is defined as the speed of the

rotating tool perpendicular to the welded plane.

Welding speed

e The speed measured in mm/sec travelling across the weld

joint line.
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A summary of conditions which could generate poor quality welds is shown in Table

2.7 (Mishra and Ma, 2005). The following parameters are considered: namely:

thickness of the weld, tool geometry, side clamping force, rotation speed of the tool, tilt

angle, rail profile, tool cooling, tool axial welding force, physical stops to prevent

further movement to the welding head and the altered welding force.

Table 2.7: Summary of conditions that lead to non-desired welds quality.

Parameter change

Non-desired welds quality

Weld thickness

Voids on the weld root could occur due to the tool pin length

Tool geometry

Tool geometry will determine the microstructure of the weld

Side clamping force

If the side force is enough to keep the working piece (two rails)
on the ground, minimum voids will develop near the surface on

the advancing side

Rotating speed of the

Very high speed of the tool pin is not desirable as it causes

tool overheating and grain growth. Small triangular shaped voids
on the advancing side, usually concurrent with low rotation
speed and low weld temperature.

Tilt angle Tilt angle has ability to change the microstructure of the

working piece (rail properties) and also the sub-surface frame.

Rail profile to be

welded

Rail profile need to be checked before welding otherwise, the

same rail profile need to be welded together.

Tool cooling

Surface breaking voids, grain growth (depending on

effectiveness)

Tool axial welding

force

This force plays a very important role in the quality of weld. If
not controlled properly surface roughness and flashes at the

edges of the shoulder will develop.

Physical stops to
prevent further
movement to the

welding head

Voids on the advancing side due to large reduction in axial

welding force.

Altered welding force

If the welding force is reduce a excessively, voids on the

advancing side are generated.
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Friction stir welding terms are explained in detail in Appendix A, section A.2.

This project does not place much detail on the design tool, but it is clear that rotating
the tool plays an important role in friction stir welding. Buffa et al. (2005) has
presented a paper on the study and design of a friction stir welding tool using the
continuum based FEM model. In their studies, they argued that tool geometry plays a
fundamental role in obtaining desirable microstructures in the weld and heat affected
zones. Consequently, they also claimed that tool geometry may increase strength and
fatigue resistance in the joint. Tool pins of cylindrical and conical geometry were used
in this study. They used 3D FEM analysis to predict the process variables together

with the material flow pattern and grain size in welded joints.

2.5.1 HEAT TRANSFER ON BOTH THE TOOL PIN AND WORKPIECE

Even though this study is only of a conceptual design heat transfer from the tool plays
an important role in determining weld quality. Therefore it is warranted that literature
on this subject be reviewed in detail in order to learn about and improve on the

process.

Meng et al. (2006) optimised the stir head for FSW based on genetic algorithm. In
their studies, they urged that constraints for optimization be established. A
mathematical model was also developed in order to optimize the stir head for FSW.
Their studies were based on the simple assumption that the function of the shaft
shoulder is to provide friction contact points and sealed welding conditions so that
plastic metal cannot be extruded through it. The shape of the needle has an influence
on material flow and consequently tensile strength. Material in the heat affected zone
of cone crew harder, and the hardness of the onward side of the cone screw weld joint
is clearly larger than usual (Meng et al. 2006). Arora et al. (2008) also presented a
detailed heat transfer model of friction stir welding focusing on power and torque as
the main parameters in the friction welding process. Chen and Kovacevic (2003)
developed an FSW thermo-mechanical model. The heat source incorporated in the
model involves the friction between the material and the probe and the shoulder. A

mechanical model of FSW was also briefly discussed and presented.
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According to their thermo-mechanical model, the rate of heat generation caused by

the friction over the entire interface of the contact will be:

q= j 27r? u(T)p(T )dr = %ﬂa),u(T)p(T YR -r?) (2.1)

Meng et al. (2006) also gave a mathematical model for the optimisation of a stir head
dimension. Assuming that R, is the middle diameter of the stir needle and L is the
length, R, is the lower extreme diameter. Welding speed v, the cone angle of stir

needle is a and the rotating speed w.

The heat which comes from the shoulder is calculated as follows:

_ 47afF (R - R%)
- 3R®

AQ, At 2.2)

Therefore, the heat output coefficient may be calculated by using the following

relationship:

3 2 3 p3
£=;zpsfa{ Ciga ROLJ+4me(R R?) 2.3)

At 12cosa  Ccosa 3R?

R and R, are decisive parameters and must be optimized, (Meng et al. 2006). The
angle of the stir needle can also influence the heat output coefficient. According to
Meng at al. (2006), it has been reiterated than the value of R must be between 17 and
27 mm and the value of Ry must be between 3 and 5 mm. A mathematical model
which allows the value of R and R, to be larger than 27 mm and 5 mm respectively
must be investigated since there is a great possibility that the FSW of rail may require

larger and strong working tool. If not developed this model may be used but with care.
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Meng et al. (2006), proposed the operation process of algorithm to optimize the FSW
process. The operation process logarithm is shown in Figure 2.14 (Song and
Kovacevis, 2003).

The role of heat generated by means of friction on both the workpiece and the tool pin
needs to be taken into account as it plays an important role in determining the quality
of a weld. The understanding of the heat transfer process in the workpiece is helpful in
predicting thermal cycles in the welding workpiece and hardness in the welding zone
(Song and Kovacevis, 2003). Tool pin wear-out may be prevented by understanding
the temperature profile in the tool pin. In light of the above Song and Kovacevis (2003)
addressed this issue by studying heat transfer modelling for both workpiece and tool:
as the understanding of temperature profile in the tool pin is vital in the welding of
high melting temperature like carbon steel. Their mathematical and numerical model
solutions were validated by a friction stir welding experiments. In their paper three-
dimensional transient-heat transfer models for both the tool and the workpiece in

friction stir welding.

In developing their mathematical model for heat transfer for both workpiece and tool in

the FSW, the following were introduced into the model.

e The heat generated at the tool shoulder/workpiece interface is the frictional
heat.

e The radiation heat can be neglected.

e The tool pin is a cylinder; the thread of the pin can be neglected.

e The temperature cannot exceed the material melting temperature in the
welding.

e The heat transfer at the workpiece/backing plate can be simplified to a

conversion heat transfer with an effective coefficient.

According to Song and Kovacevis (2003), heat generated at the tool

shoulder/workpice interface may be calculated by using the following relationship:

0y =27, R
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And the heat generated at the tool pin/workpiece interface is represented by the

following relationship:

Q;, = 2ar,hkY

E_F w/3i1+ u° )

Where:

6 =90° Atan~(u)
sin A

V, =— 1%
sin(180°.0.1) °

sin@

V. = 1%
® " sin(180°.0.1) "

Vp = rpa)

-V 2uKYar hV . 4F, 1V, coso

(2.4)
T

(2.5)

It is important to note that in this model the tool pin is assumed to be a plain cylinder

and not a threaded cylinder. Song and Kovacevis (2003), have summarised a

flowchart for calculating the heat or temperature distribution on both the tool pin and

the workpiece. The flowchart is reproduced in Figure 2.14.
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Figure 2.14: Flow-chart of a calculation.

By using this heat transfer model, the temperature contour of both the tool and the
work piece may be calculated. This will yield the benefit of predicting the weld quality
and also the size of the rotating tool. This model depends mostly on the material
properties of the workpiece (in this case the rail) and the tool geometry and material
properties of the tool pin. It is important to predict and understand the material flow
during FSW. An understanding of the FSW process may result in the optimisation of
the process associated with the mechanical properties of welded joint (Heurtier et al.
2005). Zhang and Zhang (2008) concluded that when the welding speed becomes
higher, the rotating speed must be increased simultaneously to avoid any possible

welding defects such as void. They also added that the simultaneous increase of the
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rotating and translating speeds of the welding tool can lead to an increase of residual

stress.

Elongovan et al. (2008) also studied the influence of the tool pin profile and axial force
on the formation of friction stir welding on AAG6061 aluminium alloy. Welding
parameters such as tool rotating speed, welding speed, axial force and the tool pin
profile plays a major role in deciding the weld quality. In this study, five different tool
pin profiles were used to join aluminium alloys, namely: straight cylindrical, tapered
cylindrical, threaded cylindrical, triangular and square. In addition, three different axial
forces were used in order to evaluate the weld quality. It was then concluded that the
square tool pin profile produces mechanically sound and metallurgical defect free
welds compared to other tool pin profiles. The tool pin profiles used are shown in
Figure 2.15 (Elangovan at al. 2008).
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Figure 2.15: FSW tool pin profiles.

Although all the microstructure based on different pin tool profile are tabulated in Table
2.8 (Elangovan et al. 2008), it is in one’s best interest to show the microstructural
results of a square shaped tool profile. Following on Elongovan et al. (2008), the

results are shown in Figure 2.16 (Meng et al. 2006).
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Table 2.8: Microstructure of the joints fabricated by square pin profiled tool.

No

dimension.

Compute the individual’s degree of adaptability

Axial Macrostructure Size of FSP Name of the |  Quality of
Force zone (mm) Shap;zi FSP | defect weld metal Probable reason
(kN) | RS AS|W | H and location | consolidation
s —— Sufficient flow of the
6 6.7 | 57 Tr;wtm? dal No defect Good metal by pulsing action of
a1 I the pin profile
121 Eccentricity of the pin
profile causes dynamic
7 67| 56 -do- ~o- -do- orbit with associated
46 pulsating action resulted
- in good weld,
113 Inveried Excess heat input due to
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! G w{giﬁ:’rdl?l do- wdo- reduces thickness of the
53 ps plate in the weld zone
The beginning
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Figure 2.16: The operation process of algorithm for the optimization for stir head
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In order to produce defect free welds, the following must be taken into consideration:
tool pin profile, axial force, welding speed and rotational speed. Since the FSW bond
depends critically on the plastic deformation of the material caused by the tool pin that
plunges into the material and travels the joining line. Woo et al. (2007) concluded that
tool geometry, (i.e the shapes, and sizes of the pin and shoulder) is essential in FSW
processing because this parameter has the ability to determine the quality of a joint

and micro structural characteristics.

2.5.2 LOAD DISTRIBUTION ON FRICTION STIR WELDING TOOL PIN

The criticality of predicting the load distribution action of the tool pin on the friction
welding process was clearly refined by Soresen and Stahl (2007). Their model is
mostly beneficial to the material with limited toughness such as polycrystalline cubic
boron nitride. Force distribution is mainly dependent on the length and diameter of the
rotating tool pin. Their major contribution made by their studies reveals that the force
due to the pin increases with pin length, but appears not to vary significantly with pin

diameter. Unexpectedly, large pin length resulted in large force variation.

The total load on a pin does not give the appropriate tool pin design, therefore it is
important that the total force distribution is modelled in order to identify the net effect
on tool pin stress and thereby increase the probability of failure of the tool pin. Ulysee
(2002) came to the same conclusion as that of Soresen and Stahl (2007), which
clearly state that pin forces increase with the welding speed but when rotational speed

increases the pin forces decreases.

Soresen and Stahl (2007) represented the force distribution of long pins by the

following relationship:

F(L)="——"" (2.6)
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f=t (2.7)

2.6 FRICTION STIR WELDING MACHINES

Friction stir welding commercial machines in various configurations are in existence.
The following configurations of friction stir welding are: multi axis, moving gantry,

portable and robotic, as shown in Figure 2.17 (FPE & Gatwick Fusion Ltd website).

3 b C d
L) L) L) LS

Figure 2.17: Joint geometry's suited to Friction Stir Welding.

Description of symbols in Figure 2.15

a. Square butt

b. Combined butt and lap
c. Single lap

d. Multiple lap

e. 3 piece T butt

f. 2 piece T butt

g. Edge butt

h. Possible corner fillet weld
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Figure 2.18 (Colligan, 2001) shows a typical example of a vertical milling machine
converted to a friction stir welding machine. With the right tool and simple
modifications, the milling machine could be used for friction stir welding. The
machine basically consists of a motor which helps to spin the friction welding tool

and provide the heat on the specimen due to friction.

Figure 2.18: Friction stir welding machine.
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Figure 2.19: Process of friction stir welding for steel plate.

Figure 2.19 (American Welding Society website), shows the process of friction stir
welding when joining 12 mm thick steel plate. The machine which has the ability to
rotate at a maximum speed of 1000 rpm was used for this application. Two steel
plates are fixed on the machine by means of four clamps. The function of clamps is to
make sure the plate does not move apart when the rotating pin is forced on to it.
Figure 2.19 (Stage 1) shows two plates about to be welded together by means of
friction stir welding. Stage 2 shows the initial point of the rotating pin. Similarly stage 3
shows the rotating pin after the initial movement. Stage 6 shows the finished product
of steel welded plate. This is practical example of the friction stir welding technique

used in joining two thick steel plates.
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As seen from the above available machine research, in most cases lazer machines

can be converted to become friction stir welding machines.
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3 DESIGN PROPOSAL

3.1 DESIGN REQUIREMENT SPECIFICATION

This section outlines the basic friction stir welding machine requirements. This helps
the designer in focusing on the intended features. In order to develop various
concepts of a friction stir welding machine, the following product requirement

specification is tabulated.

The following symbols are used:

W — Wish
C — Constraints
D — Demand

Table 3.1: Product Requirement Specification

Factor W | C D

General form of design

The product design concept must be operated by one or two
persons. The person operating the machine needs not wear any
safety clothes and the machine must be environmentally friendly. C
The machine set-up time on site must be very low with minimum
separate components. The weight of the machine components
must be capable of being carried by one or two persons from the

store room to the welding site.

Geometry

The diameter and shape of the pin tool must in agreement with C

the tool pin design criteria.

The motor must have an output diameter of between 50 mm and C
96 mm. the output diameter of the motor is the shaft that is to be
connected to the working pin. The optimal diameter of the
working tool based on the geometry of the rail must be between

60 mm and 100 mm diameter, therefore, it is desired that the
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motor output diameter has a diameter which is equal to or less

than that of the working tool.

Side block aligners (rail clamps) must be of adjustable height to
accommodate different rail types. The block must be adjusted
from 127 mm to 165 mm as an absolute maximum. In practice
rails are found not to be of the same size mainly due to the
operating conditions that they are subjected to. Consequently,
rails have different sizes; therefore, the rail clamp must have the
ability to adjust height. Rails have different profiles; therefore,
there is a need to have a rail clamp which can be used for

several rail profiles.

Kinematics

The welding speed of the tool must be controllable. The motor
must be installed with a speed -controller to assist in

experimentation of weld quality.

The working tool pin must be changeable easily. A wide range of
tool diameter must be accommodated. The tool diameter must
vary from 60 mm to 100 mm diameter. This must be
accommodated by using the coupler which has the variable

diameter hole.

The tool pin must be able to move in a transverse direction. The
force applied in the traverse direction must also be controllable.

Therefore, force control is required.

Actuator which can be maintained cheaply is, user friendly and
small geometry must be used to apply the required welding force

on the working piece (rail)

Vibration due to motor rotation must have a minimum impact on
the machine structure. The noise due to tool pin rotation must

also be minimized.

A maximum rotational speed of 2940 rpm. The rotating speed is

based on the type of material to be welded.

Cost

The friction stir welding machine must be able to be produced or
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manufactured locally using low cost manufacturing techniques.

Energy

The final concept of a friction stir welding machine must use
maximum power of 35 kW. The power needed is the combination
of power required by the main motor and the power required by
the actuator. Based on the rotational speed required, the power

and torque required by motor can be easily calculated.

A normal 220 V source must be required for operation and the

frequency of 50 Hz

Life span

The concept to be considered must be able to succeed the

duration of a test and trial test.

Ideally the friction stir welding machine must attain the maximum
number of years of actual use in the field without any major

service.

Maintenance

In order to reduce the machine set-up time, the friction stir
welding machine should be assembled and dissembled easily. If
possible non-power and simple mechanical tools must be used

when assembling or disassembling.

The friction stir welding machine should be easily maintained

during field operation

Safety

General rules of safety are applied. The product must pose no

danger to the operator.

Materials

Movable parts must be small and weight light so that only one
person is able to carry the parts. The operator must not feel

exhausted due to the heaviness of the machine after use.

All material to be used in building the designed product must be
of normal low, medium and high carbon steel except the tool pin

which requires strong and special material.

Low and high carbon steel and aluminium may be used to build
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machine components. Low and high carbon steel are very
affordable and have the desired mechanical properties. In
addition aluminium has the advantage of being light weight,

which is also a concern in the new product.

Operations

Must be operated by a maximum of four operators for set-up and

two operators or a single operator for the actual welding.

Takes minimum possible time to complete one single weld

Manufacturing and Assembly

It must be assembled easily and locally.

It must be able to be assembled in a very short time to reduce

the overall time for performing the actual welding process.

Installation

It must be easily installed in the railway environment. No special

tool is to be used for installation purposes.

Ergonomics

User friendly

Appearance

The whole structure should be well structured.

Entire unit should be aesthetically pleasing

Performance

The tool pin must be able to rotate at the desired speed all the

time

The maximum speed of the machine must be marked accurately

and precisely in a visible area to operators

Place or area of operation

The designed product must be flexible enough to be used in
straight rail lines and open places. The unit must be able to
friction stir weld the following rail types: (i) 43 kg/m; (ii) 48 kg/m;
(iii) 51 kg/m and (iv) 60 kg/m.
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3.2PROPOSED MECHANICAL TESTING OF WELDED RAIL

In order to validate the process of friction stir welding, tests must be performed. These

tests are as follows:

3.2.1 TENSILE TESTING

This test is performed by trying to pull two rails apart from each other by a known force
magnitude. The magnitude of the force to be applied should be according to the
manufacturing specification. The main aim of this test is to make sure that the rails do

not pull apart when subjected to a high tensile force.

3.2.2 FATIGUE AND FRACTURE MECHANICS TESTING

When the train is in motion, the rail is subjected to a different load at any given time
depending on several factors, such as operating condition, loading condition, weather
condition and so on. Therefore, it becomes apparent that most rails joined by means
of friction stir welding are subjected to fatigue testing. The load to be applied on the

rail should depend on the manufacturing specification and the operating conditions.

3.2.3 BENDING TESTING

When the train is on the rail, the rail has a tendency to bend by certain millimeters.
The bending movement imposed by the load on the rail has a allowable limit.
Therefore, it is crucial that the welded rail be subjected to a bending test. This is to

ensure that the weld does not deflect beyond the maximum prescribed limit.

3.2.4 IMPACT TESTING

When the train is in dynamic motion it has a tendency to pump due to its suspension
system and the condition of the rail. If this aspect is not controlled, derailment due to
rail breakage may occur. This will cost the rail company a fortune to repair.
Consequently, it is vital to make sure that rails welded by the friction stir technique are

tested. This will also aid in monitoring the overall weld quality.
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3.3CONCEPT DEVELOPMENT

This section introduces various concepts developed during the design process. The
objective of this section is to provide the reader with an overview of how the concepts

were developed. Figure 3.1 shows the hand operated tool across the rail.

3.3.1 VERTICAL OPERATED STIR TOOL

Figure 3.1: Hand powered tool across the rail

3.3.1.1 COMPONENTS NAME AND DESCRIPTIONS

A — Rail type used in one of the company rail lines (48 kg/m)
B — Motor side supports (left)

C — Electric motor

D — Hand lever

E - Motor side supports (right)

F — Side supports

G - Sliding bar

H — Motor base

| — Structure support

J — Tool pin
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3.3.1.2 CONCEPT ASSESSMENT AND DECISION

Figure 3.1 shows the first concept developed. It can be seen from the figure that the
friction stir welding machine for joining rail is to be hand operated. The force required
to get the acceptable weld on the rail depends on the types of rail and the
metallurgical properties of the rail. In order to apply the acceptable required force two
or three persons is needed to operate or apply the force by means of an arm lever.
This will cause many problems in the operation of the machine, including human error
and also the irregularities of the weld. It is natural that people of different ages and
ethic groups have different strengths. Consequently, people will tend to apply a
different welding force. Welding force is a major factor in friction welding and as a
result, welding force has a major impact on the quality of weld. As a result this concept
will not be able to yield the required welding results and does not meet a basic friction

stir welding machine’s specification requirement.

The side support blocks which are used to align and clamp the rail are only made for a
special rail type. This will definitely limit the flexibility of the design. One of the main
requirements of this design (machine — friction stir welding machine) is to make sure
that the side supports have an adjustable height of 127 mm to 165 mm in order to
accommodate various rail heights. Four steel blocks are also used to make sure that
the side supports do not fall apart during welding operations. Four steel blocks
labelled F in Figure 3.1 have the capacity to fall off in operation. This method is not
very reliable and it could cause injury to the operator. Based on these reasons, this

concept was abandoned.
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Figure 3.2: Friction stir welding machine applied in rail joining-concept 1

3.3.2 HORIZONTAL OPERATED CUTTING TOOL

Figure 3.3: Torsional spring powered tool across the rail

K - Motor side supports (left)
L — Electric motor
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M — Sliding bar (rectangular shape)

O — Tightening nuts

P — Rail type

Q — Rail clamp

R — Sliding bar holder (with torsional spring inside)
S — Sliding bar holder supports

T — Transitional bar

U — Structure support

Figure 3.3 shows improvements in terms of operational requirements and the number
of machine components required. The rail clamp is used to align the rail and any rail
profile could be used in the Railway Company. The rail clamp (labelled Q in Figure
3.3) does not depend on the profile of a particular rail in the line but only on the height
size of the rail. The rail clamp can easily be clamped onto the rail using bolts and nuts.

In fact only one operator could perform the task without any difficulty.

In this design concept, the welding force exerted on the rail is applied by means of
torsional spring. The spiral spring is inserted inside the steel rectangular bar whereas
the rectangular bar is inserted inside the steel bar. Depending on the properties or the
design of torsional spring, enough force could be obtained to push against the motor
base. The steel bar side support is used to fix the steel bar and also to ensure that
transitional movement is constrained. The motor support is still the same as in the
previous concept. It is assumed that the horizontal movement of the rail due to the
force experienced by the movement of the spinning tool is constrained by making sure

that the side block supports are fixed and tightened to a certain specific torque.

Although the concept meets the majority of product requirements specification factor,
the side supports need to be changed so that they are able to accommodate various
rail profiles. Another factor which hinders this concept is that torsional springs are not
widely used, expensive and have limited operational life as compared to other spring
types. This could increase the product cost by a significant amount. Therefore, this

design concept was abandoned. In order for the product to meet the product
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requirement specification, the following modifications were done. The modification is

shown in Figure 3.4.

Figure 3.4: Friction stir welding machine applied in rail joining-concept 2

3.3.3 HYDRAULLIC POWERED TOOL ACROSS THE RAIL

Figure 3.5: Hydraulic powered tool across the rail
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Figure 3.6: Hydraulic powered tool across the rail (sketch)

Figure 3.5 and 3.6 show the third concept which is not exactly the same as the second
concept shown in Figure 3.4. The major difference between the second and third
concepts is that the force to be applied on the working piece is being applied by the

helical spring. Note that torsional springs are used in the second design concept.

Another major difference between the second and third concepts is that the third
concept was designed in such a way that the force actuator is fixed in all direction. In
other words the sliding chunk (which holds the motor bar together) is constrained in a
radial direction. This is to make sure that the sliding chunk does not move in any

unwanted direction during the operation.
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3.3.4 ADJUSTABLE RAIL CLAMP

Figure 3.7: Adjustable rail clamp

The design concept model shown in Figure 3.7 shows the adjustable rail clamp. This
has a huge advantage on the design model because it is able to hold various rail
profiles countered in service. Therefore, if the rail clamp has the adjustable height all
or most of rail profile or rail types could be friction stir welded by using a single rail
clamp. In this concept, the motor has the ability to be adjusted vertically. The machine
operator can change the height of the motor, depending on the height of tool pin to be

used.

As shown in Figure 3.7, the rail camp has a cut-out through out. The operator does not
have to align holes in order to clamp or grab the rail. The disadvantage of the
mentioned above feature is that the friction stir welding of rails requires a “perfect”
alignment of rails and as a result of the above, misalignment could occur. In order to
maximise the height adjustment of the rail clamp, instead of a hole cut-out, simple flat

holes are used on the outer or top rail clamp piece.

55



Another important feature which is required in the conceptual design of friction stir
welding machine is the vibration isolator. The concept shown in Figure 3.7 does not
have the vibration isolator and as a result it also was abandoned. The advantage of a
vibration isolator is that the vibrations due to motor rotation on the top structure do not

affect the bottom structure of the machine.

3.3.5 ADJUSTABLE RAIL CLAMP WITH POWER SCREW

Figure 3.8: Adjustable rail clamp with power screw

The adjustable rail clamp model in Figure 3.8 shows a significant improvement
because the bottom part of the rail clamp can be easily adjusted without any
restriction. This means that there are no specific holes on the bottom part of the
clamp. It can be seen from Figure 3.8 that the bottom part can move vertically up and
down without any restriction. An adjustable height of between 127 mm and 155 mm

can be achieved easily by this feature.
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3.3.6 ADJUSTABLE RAIL CLAMP WITH VIBRATION SEPERATOR

z
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Figure 3.9: Adjustable rail clamp with vibration isolator

Figure 3.9 shows the final design concept of a friction stir welding machine for joining
rails. The design concept shown in this figure meets most of the conceptual design
requirements tabulated in Table 3.1. The design concept has been updated to
accommodate the vibration isolator with a sliding guide. The primary function of the
sliding guide is to ensure that the top structure does not off-set relative to the bottom
structure. Moreover, its primary function is to align the top and bottom structure of the
machine. Therefore, the design concept shown in Figure 3.9 was chosen as the final
design concept. However, this design concept is modified to reflect the required

design concept.
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4 DESIGN SPECIFICATION

This section depicts the overall description of the proposed design concept, ,
performance capabilities, cost analysis and the general arrangement of the device.
The device has been designed in such a way that it could accommodate various types
of rails used in South African railway lines. At the moment in South Africa more than
twelve rail types are being used, therefore, rail clamps must be designed in such a
way that at least three rails are accommodated by one rail clamp. The strength and
size of the rotating pin to be used depend on a number of factors such as thickness,

material, working conditions of the working piece etc.

4.1 OVERALL DESCRIPTION OF THE PROPOSED DEVICE

The structure of the friction stir welding machine for joining rails is composed of two
main subassemblies, namely; the bottom and upper structures. The upper structure
consists of the driving unit which comprises of the motor and a gear. The motor
selected has a built in gear which can be removed in order to change the speed of the
rotating pin. In this arrangement different gear sets can be used in order to achieve
the desired speed. Another unit on the top structure of the machine is the electro-
hydraulic device. The electro-hydraulic device is capable of applying a force of 220kN
at a maximum speed of 2000 mm/sec. The top structure main electric motor is
selected and it has the maximum angular speed of 2950 rpm and an applied torque of

approximately 60 N.m.

In Figure 4.1, there are four helical springs used to reduce vibration from the top
structure to the bottom structure. The bottom structure as shown in Figure 4.2 requires
a minimum vibration in order to maximise weld quality. Also, helical springs are
designed in such a way that they have high lateral stiffness. The higher the lateral
stiffness the lower the chances of lateral movement of the structure due to the weld
force applied by the electric-hydraulic actuator. The extension shaft joining the main
electric motor and the rotating pin has been designed to accommodate both the
torsional stress and the bending stress. Figure 4.3 shows different views of the top

structure. The extension has the supported bar across the plate length that aims to
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make sure that the weld force (pressure) is applied on the pin or shaft. The shaft does
not attain any significant movement. Significant movement on the extension shaft
could have an impact on the weld quality; consequently the movement must be

minimal.

The pin has the ability to rotate in a specific direction and it can also translate in both
directions. The main electric motor is on top of the small plate which has the ability to
slide along the direction of the electro-hydraulic actuator and the electric motor is fixed
onto the sliding plate. The sliding plate is connected to an electro-hydraulic actuator by
means of a joint as shown in Figure 4.3. For the purpose of alignment and other
factors required to obtain a quality weld, a special bracket has been designed to
accommodate any misalignment of the rotating pin. The bracket has the ability to

rotate up to 30 degrees without any obstruction from any other machine component.

Figure 4.1: Top structure of friction stir welding machine for joining rails
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Figure 4.2: Bottom (different) view of top structure

,

Figure 4.3: Bottom structure of a friction stir welding machine for joining rails
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Figure 4.3 shows the bottom structure of a friction stir welding machine that aims to
hold tight the two rails to be welded together and also to support the upper structure.
The two rails to be welded must be held tight by two pieces of specially designed steel
plates (referred to as “rail clamp”). Three bolts and nuts are used to keep the two steel
plates together. Based on engineering calculations the number of bolts required to
keep the two rails together for each rail clamp set is six, that is three at the bottom and
three on top. Figure 4.2 shows a different view of upper structure.

In practice, the rails to be welded are of different heights and sizes, therefore the rail
clamps have been designed in such a way that the height could be adjustable. The
bottom part of the rail clamp has seven holes used for height adjustment. The rail
clamp must be as rigid as possible in order to increase its strength in holding the two

rails together.

The rail clamps were designed in such a way that their height (rail clamp height) is
adjustable. The rail clamp height is adjusted by means of a bolt and nut. The rail
clamps have a minimum height of 127 mm and the maximum height of 157 mm. To
ensure that one rail clamp is capable of friction welding two to three rails of different

profiles or dimensions.

Figure 4.4 and 4.8 show the general arrangement of a friction stir welding machine for
joining rails as described above. Figure 4.5, 4.6 and 4.7 show the side, front and right
views respectively. Figure 4.8 is the same as Figure 4.4 except that it does not have

the edge lines.

In order to validate that the concept of a friction stir welding machine for joining rails
has the ability to work in real life, various engineering calculations have been done.
Appendix B shows detailed calculations how friction stir welding machine will work in
practice. In most cases, due to the unavailability of data various assumptions have
been made in order to make engineering calculations and these assumptions have
been clearly stated in each section of Appendix B. Appendix H shows all the tables

and figures used in the engineering calculations found in Appendix B.
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4.2 GENERAL ARRANGEMENT OF THE DEVICE

Figure 4.4: Friction stir welding machine used for joining rails
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Figure 4.5: Side view of proposed friction stir welding machine
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Figure 4.6: Front view of proposed friction stir welding machine

63



Figure 4.7: Right view of proposed friction stir welding machine
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Figure 4.8: Final design of a friction stir welding machine for joining rail

4.3 PERFORMANCE CAPABILITY OF THE DEVICE

The designed friction stir welding machine for joining rails was designed. Table 4.1
compares the product requirement specification (PRS) and the actual designed

device. YES means that the feature in the machine has been designed successfully.
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Table 4.1: Comparison of PRS and the actual designed device

Factor

Comments on

actual design

General form of design

The product design concept must be operated by one or two
persons. The person operating the machine needs not wear any
safety clothes and the machine must be environmentally friendly.
The machine set-up time on site must be very low with minimum
separate components. The weight of the machine components
must be capable of being carried by one or two persons from the

store room to the welding site.

YES

Geometry

The diameter and shape of the pin tool must in agreement with

the tool pin design criteria.

YES

The motor must have an output diameter of between 50 mm and
96 mm. the output diameter of the motor is the shaft that is to be
connected to the working pin. The optimal diameter of the
working tool based on the geometry of the rail must be between
60 mm and 100 mm diameter, therefore, it is desired that the
motor output diameter has a diameter which is equal to or less

than that of the working tool.

YES

Side block aligners (rail clamps) must be of adjustable height to
accommodate different rail types. The block must be adjusted
from 127 mm to 165 mm as an absolute maximum. In practice
rails are found not to be of the same size mainly due to the
operating conditions that they are subjected to. Consequently,
rails have different sizes; therefore, the rail clamp must have the
ability to adjust height. Rails have different profiles; therefore,
there is a need to have a rail clamp which can be used for

several rail profiles.

YES

Kinematics

The welding speed of the tool must be controllable. The motor

must be installed with a speed controller to assist in

YES
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experimentation of weld quality.

The working tool pin must be changeable easily. A wide range of
tool diameter must be accommodated. The tool diameter must
vary from 60 mm to 100 mm diameter. This must be
accommodated by using the coupler which has the variable

diameter hole.

YES

The tool pin must be able to move in a transverse direction. The
force applied in the traverse direction must also be controllable.

Therefore, force control is required.

YES

Actuator which can be maintained cheaply is, user friendly and
small geometry must be used to apply the required welding force

on the working piece (rail)

YES

Vibration due to motor rotation must have a minimum impact on
the machine structure. The noise due to tool pin rotation must

also be minimized.

YES

A maximum rotational speed of 2940 rpom. The rotating speed is

based on the type of material to be welded.

YES

Cost

The friction stir welding machine must be able to be produced or

manufactured locally using low cost manufacturing techniques.

YES

Energy

The final concept of a friction stir welding machine must use
maximum power of 35 kW. The power needed is the combination
of power required by the main motor and the power required by
the actuator. Based on the rotational speed required, the power

and torque required by motor can be easily calculated.

YES

A normal 220 V source must be required for operation and the

frequency of 50 Hz

YES

Life span

The concept to be considered must be able to succeed the

duration of a test and trial test.

Ideally the friction stir welding machine must attain the maximum

number of years of actual use in the field without any major

YES
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service.

Maintenance

In order to reduce the machine set-up time, the friction stir | YES
welding machine should be assembled and dissembled easily. If
possible non-power and simple mechanical tools must be used

when assembling or disassembling.

The friction stir welding machine should be easily maintained | YES
during field operation

Safety

General rules of safety are applied. The product must pose no | YES
danger to the operator.

Materials

Movable parts must be small and weight light so that only one | YES
person is able to carry the parts. The operator must not feel
exhausted due to the heaviness of the machine after use.

All material to be used in building the designed product must be | YES
of normal low, medium and high carbon steel except the tool pin
which requires strong and special material.

Low and high carbon steel and aluminium may be used to build | YES
machine components. Low and high carbon steel are very
affordable and have the desired mechanical properties. In
addition aluminium has the advantage of being light weight,
which is also a concern in the new product.

Operations

Must be operated by a maximum of four operators for set-up and | YES
two operators or a single operator for the actual welding.

Takes minimum possible time to complete one single weld YES
Manufacturing and Assembly

It must be assembled easily and locally. YES
It must be able to be assembled in a very short time to reduce | YES
the overall time for performing the actual welding process.

Installation

It must be easily installed in the railway environment. No special | YES
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tool is to be used for installation purposes.

Ergonomics

User friendly YES
Appearance

The whole structure should be well structured. YES
Entire unit should be aesthetically pleasing YES
Performance

The tool pin must be able to rotate at the desired speed all the

time

The maximum speed of the machine must be marked accurately | YES

and precisely in a visible area to operators

Place or area of operation

The designed product must be flexible enough to be used in | YES, only 43,
straight rail lines and open places. The unit must be able to | 48 and 50 kg/m
friction stir weld the following rail types: (i) 43 kg/m; (ii) 48 kg/m;
(iii) 51 kg/m and (iv) 60 kg/m.

4.4 COST ANALYSIS

A cost analysis of friction stir welding versus traditional arc welding and other
processes used for rail joining has been concluded. Although it has been proven that
friction stir welding has a greater cost benefit than traditional arc welding, sometimes it
may not be beneficial to use friction stir welding. For example, in the automotive
industry for medium to high production friction stir welding (FSW) costs 20% high than
the arc welds (Colligan, 2001). Therefore, it is essential to conduct a cost analysis on
a friction stir welding machine for joining rails as compared to the other methods

currently being used for joining rails.

Rail welding costs are not available from the users and the manufacturers. However,
some information could lead to a fair conclusion on cost comparison. According to
More (1993) Charles A. Totten, has compiled number of reports on rail maintenance

and the results are summarised below for further discussion on rail welding costs.

69



Bethlehem's Burns Harbor Div. which has worked for many years in the field of rail
maintenance has observed for two years the costs of rail welding for different methods
used. The processes that Bethlehem's Burns Harbor Div. observed are: flash-butt

welding, arc welding, bolted joint and exothermic welding.

Burns Harbor has used the flash butt weld joint since the beginning of 1987 in rerailing
39 runways. More than 14 of the 20 miles of crane rail in the plant have been
replaced. It was noted that 909 flash butt weld joints has been made successfully
without any failures. The wheel of diameter of between 24 and 27 inches is used in
these special cranes, most of which have at least 120 000 Ib wheel loads. Table 4.2

(Charles, 1995) summarises the founding by Bethlehem's Burns Harbor Div.

Table 4.2: Statistics of rail joint

. Failures in | Maintenance .
Joint Type Assemply Cost/Joint, 2-year Cost/Joint Rer.all man-
time/Joint $ ) hr/linear ft
period (1st year), $
Bolted 2 hr 430 95 1000 1.5
Manual
Welded (Arc 10-12 hr 2000 16 750 2.0
weld)
Exothermic 4 hr 620 8 240 1.7
Flash Butt 3 min 633 0 0 0.5

Table 4.2 shows that rail joining by means of bolts and a fisher plate takes a longer
time than all the other three methods because there is no formal or standardised
clamp used for aligning the rails to be joined and some hand tools have to be used.

Highly skilled personnel are also needed to perform the job.
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Figure 4.9: Rail joint repairs from 1983 to 1994

Figure 4.9 Charles, (1995) shows the number of repairs performed over the years
1983 to 1994. From 1990, the number of repairs decreased from 64 to 7. The variation
in the number of repairs over the years could have been due to different factors. Flash
butt welding was introduced at the beginning of 1990; as a result, the number of
repairs was reduced significantly. In 1994, the number of repairs done was only 7.
This shows the efficiency and reliability of flash butt welding in rail welding. It can also
be predicted that the number of weld repairs will go down once the friction stir welding

for joining rails is fully understood and fully operational.
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Table 4.3: Statistics of rail joint with estimated friction stir welding Figures

Bolted 120 3010 95 7000 1.5
Manual

Welded (Arc

weld) 660 14000 16 5250 2
Exothermic 240 4340 8 1680 1.7
Flash Butt 3 4431 0 0 0.5
Friction stir

welding 4 1352.979 0 0

In order to understand the costs for friction stir welding used for joining rails, the

following assumptions were made in the costs analysis;

e The Electricity charge of 24.64 cents per kWh

e Labour charge of R200 per day

e The material cost of the machine itself together with the components and the
rotating pin is not included in the analysis

e Transportation costs of the machine have been omitted

e The friction stir weld joint will last up to four years without major or any repair.

e The maintenance cost of the designed machine was assumed to be minimal as

compared to other major costs such as electricity and labour
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Figure 4.11: Cost per joint for all methods used
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The cost per joint for the designed friction stir welding machine seems to be very low
as compared to all other processes used for joining rails. The friction stir weld joint is
assumed to be the most durable and reliable joint due to the fact that it has the ability
to withstand high impact forces. It has been proven that friction stir welding methods
yields the material properties which are similar to the parent material as shown in
Figure 4.10 and 4.11. As a result, the friction stir welding technique has the ability to
withstand more fatigue circles. Costs for buying and manufacturing the friction stir
welding machine are very low as it is made from the low, medium and high carbon
steel content which is relatively cheap in the South African market. Costs associated
with friction stir welding are very low merely because of its high ability to align rail and
short welding time. The friction stir weld joint has shown In the literature review that it

can eradicate most of the maintenance problems in a rail line.
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5 CONCLUSION AND RECOMMENDATIONS

5.1INTRODUCTION

This design report has been organised into five chapters (described briefly below)
which were structured, unified and focussed on solving one conceptual design

problem:

e The first chapter set the scene by defining the project objectives and the
reasons for selecting friction stir welding for joining rails.

e Chapter 2 gives a summary of the friction stir welding technique and its
applications, and a literature review on the friction stir welding process.

e Chapter 3 provides the design proposal of friction stir welding machine for
joining rails including the product requirement specification. Chapter 3 also, is
concerned with the design development of a friction stir welding machine. Here,
all concepts are presented and the best combinations of those concepts were
identified in order to meet the production requirement specification. In addition,
the chapter gives an overview of the detailed components design and the
selection of standard components;

e Chapter 4 provides a design specification of the designed friction stir welding
machine; cost analysis of friction stir welding concept was considered as
compared to currently used methods for joining rails and, finally,

e Chapter 5 briefly summaries the previous chapters, and prior to making a
conclusion about the design, this chapter explains how the new design has an

impact in rail welding.

5.2CONCLUSION ABOUT THE CONCEPTUAL DESIGN

A friction stir welding machine suitable for joining rails has been designed based on
the product requirement specification. It was shown that the costs of welding two rails
by means of the friction stir welding technique were lower as compared to the other

rails joining processes. Finally, it has been established that the introduction of friction
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stir welding machine for joining rails has major benefits as compared to the traditional

methods for joining rails

5.3CONCEPTUAL DESIGN IMPLICATIONS

This section provides the theoretical implications of the conceptual design of a friction
stir welding machine. Its also supports that this design report has not only made a
significant contribution to knowledge in its immediate discipline, but also it has had
implications for a wider body of knowledge where other disciplines could benefit from

its findings.

5.3.1 IMPLICATIONS FOR THEORY

Four methods; namely; arc welding, exothermic welding, flash butt welding and
manual joining (rails joined by means of splice plate) for joining rails have for many
years received tremendous support from railway business giants all over the world.
However, the support for arc welding is slowly deteriorating mainly because many
companies are moving away from these methods because of the poor quality of weld
and the high costs of training personnel associated with it. In the railway environment,

the challenge remains - quality of weld is critical irrespective of the method used.

5.3.2 IMPLICATIONS FOR PRACTICE

The research literature has shown that the introduction of friction welding brings
benefits, which improves not only the productivity, consistency, clarity, accuracy and
the quality of the welding activity itself, but also improve various related activities such

as production lead-time, production scheduling and capacity utilization.

The research findings have shown that the application of friction stir welding for joining
rails could facilitate robust rail joining welds. In essence, this could assist in reducing
rail derailment due to the poor quality of rail welds. As a result of this, friction stir
welding’s scope of application becomes wider and in line with the new demands in

product development practices that require a direct link with activities and systems,
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including parameter optimisation and practical tests. Consequently, friction welding
could facilitate and improve the quality of welds in rail joining, promote safer working
environment and contribute towards the implementation of friction stir welding for

joining rails.

5.4 RESEARCH LIMITATIONS

This design report has aimed to:

e Conceptually design the friction stir welding machine for joining rails.
e Perform engineering calculations on the selected components to validate

the conceptual design on important (complex) components of the machine.

This design project has focused on the conceptual design of a friction stir welding
machine for joining rails. Several components were chosen and detailed engineering
calculations were performed on them. The friction stir welding machine was designed

using Solid Edge software.

Some of the report limitations acknowledged by the author that do not detract from the
significance of the report’s findings refer to the need to practically build the machine

and conduct various tests in order to validate the machine performance in reality.

5.5FURTHER RESEARCH

This section has been written to help students and other researchers in the selection

and design of future research directions.

Finally, this conceptual design report has shown that it is both theoretically and
practically possible to find new solutions for rail joining by using the friction stir welding
technique. Also, the report has laid a foundation for further research. The following

recommendations are made for further research:

e There are some areas of concern which need to be looked at in great detail.
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Very little work has been done on pin selection, pin material and its
metallurgical properties. The life of the pin used for stirring the material of two
working pieces is of great importance. Therefore, there is a need for further
research and design to the pin selection and its life associated with friction stir
welding for joining rails.

Due to time constraints on the project, the metallurgical process was not
covered in great length. Therefore, it is of utmost importance to look at the
metallurgical process of rail welding in detail. This will help in predicting the
quality of weld by the friction stir welding process. This work could cover the
following areas: heat flow of material, heat affected zone, failure mode,
hardness, etc

In order to observe the capability of the machine in practice, it is crucial to build
the machine in such a way that so that practical tests can be conducted. These
tests should assist in finding the optimum parameters of friction stir welding for
joining rails.

The modeling of the proposed machine design is essential in successfully
building the machine and in knowing exactly the stress acting on the structure
due to structural loading. A FEA model using either Nastran or Pastran or other

available FEA software must be done.
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APPENDIX A: UNDERSTANDING OF FSW TECHNIQUE

A.1 BACKGROUND HISTORY OF WELDING

Welding started back in the ancient times. The simplest example would be the Bronze
Age where gold circular boxes were made by pressure welding lap joints together.
These boxes have been estimated to have been made 2000 years ago. In the time of
the Iron Age people in Egypt and in the Mediterranean area were able to weld pieces
of iron together. Using the welding techniques these people were able to produce
many tools dating back to 1000 BC (American Welding Society website).

It has been found that during the Middle Ages most iron pieces were welded together
by means of hammering. In other words two pieces were hammered together in order
to form one piece. The technique of hammering to weld was used until welding as it is
known to day was invented. In about 1836 Edmund Davy of England discovered
acetylene. In 1800 Sir Humpry Davy was credited with the production of an arc
between two carbon electrodes using a battery. Sources mention that gas welding and

cutting were developed in the late 1800s (American Welding Society website).

According to the American Welding Society, friction welding originates from the late
1800s. The first patent was issued around 1891 on the process of friction welding.
More work was done in Europe between 1920 and 1944 and this is the time were
more patents has been issued. Rockwell International, AMF and Caterpillar have
together contributed much in the field of friction welding in the 1960s (NCT
Incorporated website). As a result of their contribution Rockwell International built its
own machines to weld spindles to truck differential housings where AMF designed and
built the machines to weld steering worm shafts. The Caterpillar Company
concentrated more on welding turbochargers and hydraulic cylinders (NCT

Incorporated website).
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A.2 DETAILED EXPLANATION OF FSW TERMS

TOOL AXIAL WELDING FORCE

The tool axial welding force need to be controlled in an adequate way.

The axial welding force must not be too low or too high as this has influence on
weld quality.

For example if the axial welding force is too low the heat generated is too low
and if the force is very high the tool shoulder will penetrate deep into the
working piece thereby causing excess flash at the edges of the shoulder which
is not desirable.

In addition, the axial welding force could also affect the surface texture of the

working piece (Stockholm, 2005).

SIDE CLAMPING FORCE

Side clamping force must be very high as compared to the force generated by
the stir tool during the friction stir welding process.

The spinning tool pin will try to push the two rails apart; therefore, the clamping
force must be greater than the force generated.

The clamping force depends very heavily on the size of the working piece (the
thickness of the rail profile).

When the thickness of the working tool increases, the tool pin also increases. If
the clamping force is not high enough to prevent the working piece from
separating, voids are normally formed just below the surface on the advancing
side of the weld (Stockholm, 2005).

LENGTH OF TOOL PIN

The length of the tool pin must be controlled to make sure that it is not too short
or too long.

If the length of the tool pin is too short, the two working pieces to be welded
together do not join completely.

This is normally seen during the bending test because the two pieces will

fracture early during tensile or root bend testing.
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e |[f the tool pin is too short stress raiser will occur which could initiate a crack on
the working piece.
e The tool pin is not allowed to be too long as it can be damaged by contacting

other materials their support the welding process (Stockholm, 2005).

THICKNESS

e |tis very important to be consistent with the wall thickness of the working piece
because when thickness changes the tool geometry also changes.

e The tool geometry changes in order to accommodate the heating, stir and
height of the weld.

e |If the thickness of the piece increases and the tool geometry remains the same
or the tool geometry is small, there is an area near the bottom of the weld which

will not be welded. This gives poor quality welds.

TOOL GEOMETRY

¢ In friction stir welding tool geometry is the principal parameter.

e |t has been found that tool pin geometry/shape has great influence in heat
generation, plastic flow and the stirring in the weld.

e The width of the weld represents the size and shape of the tool pin. When the
tool geometry is modified or redesigned the micro-structural properties of the
weld changes.

e In the early stages of friction stir welding only the tool pin with a constant cross
section was available, however nowadays, pin tools with complicated shapes
are available.

e The tool pin and shoulder are made from different materials; this is because the
tool pin is usually required to have certain material properties as compared to
the shoulder. It is obvious that the tool pin must be stronger than the shoulder
and that is why the tool pin is usually made from tungsten, carbides, cermets,

super alloys and refractory metals.

The main function of the shoulder is to generate heat to assist the tool pin to soften

material around it. Usually the shoulder has a flat underside, however a spiral
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underside is found in some shoulders for other applications. During a research for
reduced size, Triflute™ geometry was developed better. The Triflute™ provide the
user with a better material flow and adequate stir action Stockholm, (2005). It is
important to note that different tool geometry is under development by other

companies. See Figures 7.1, 7.2 and 7.3 (Stockholm, 2005).

Figure 7.1: Different tool profile geometry from (a) Whorl ™ pin (b) (c) Triflute ™ pins.

:

Figure 7.2: Flared- Triflute ™ tool pin geometries developed by the welding institute, (a)
neutral flutes, (b) left flutes and (c) right hand flutes.
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Shoulder
features

Figure 7.3: Different shoulder profiles viewed from underneath the shoulder (Copy right
© TWI).

WELDING SPEED

e |t is an important friction stir welding parameter and must be controlled as
accurately as possible.

¢ In rail friction stir welding the welding speed could be controlled by an actuator
or hydraulic speed controller.

e The hydraulic speed controller needs to be selected carefully so that it can be
used in friction stir welding.

e This parameter is obtained mainly by trial and error as there is no readily
available information or analytical method to determine the speed required.

e The machine must be designed in such a way that speed is variable in order to

get the optimal speed for a particular application.

TOOL ROTATION SPEED

e Itis not fully known at which speed the pin tool should run in order to get a high
quality weld on rails.

e Additional experiments need to be done so that the rotation speed of the tool
pin is optimized.

e The more carbon content in steel the higher the rotation of tool pin is required.

e The rotational speed is one of the most friction stir welding process variables
(Stockholm, 2005).
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TILT ANGLE

¢ In order to prevent side sub-surface voids, various attempts have been made to
increase the tilt angle on the tool pin.

¢ When the tilt angle is increased, the forging on the back edge of the shoulder is
increased.

e Alarge tilt angle gives a uniform material flow.

e More research has to be done on the tilt angle of high carbon steel material
(Stockholm, 2005)

PILOT HOLE AT WELD START

¢ When performing friction stir welding on plates, a pilot hole is drilled in order to
minimize the start torque of the tool pin.

e The pilot hole helps prolong the life of the tool pin; in most cases if the hole is
not drilled the pin tool has a tendency to fracture at the beginning stage of
friction stir welding.

¢ Due to the high development rate of the tool pin, stronger pin tools are available
which are able to work well with a simple drilled hole at the beginning of the

friction stir welding process (Stockholm, 2005).

TOOL COOLING

e A tool cooling system is required in order to successfully friction stir weld the
two high carbon content steel.

e The temperature of the tool pin and the shoulder are to be kept constant.

e |f the temperature of both the tool pin and the shoulder is not controlled a

fracture will occur between the tool pin and the shoulder.

TOOL PARKING

e When one complete circle of the friction stir welding of rail, the initial pilot hole
drilled for process stimulation is over welded by a tool pin.
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e Rail is usually subjected to high stresses and therefore a pilot hole or tool
parking hole must never be allowed to occur as this will create a source of
crack propagation.

e Therefore, it could be concluded that the tool pin must start to rotate 10 mm
from the leading edge surface.

e The tool pin must also be allowed to move right across the rail.

e The entire problem caused by tool parking and the pilot hole is solved.

A.3 GENERAL UNDERSTANDING OF FRICTION WELDING
TECHNIQUES

BRIEF DESCRIPTION

The definition of friction welding according the American Welding Society abstract is

as follows:

"In the direct drive variation of friction welding, one of the workpieces is attached to a
motor driven unit, while the other is restrained from rotation. The motor driven
workpiece is rotated at a predetermined constant speed. The workpieces to be welded
are moved together, and then a friction welding force is applied. Heat is generated as
the faying surfaces (weld interface) rub together. This continues for a predetermined
time, or until a preset amount of upset takes place. The rotational driving force is
discontinued, and the rotating workpiece is stopped by the application of a braking
force. The friction welding force is maintained or increased for a predetermined time

after rotation ceases (forge force)" (American Welding Society website)

Several parameters are vital in friction welding, and these are: speed of the moving or
rotating component, forge pressure, displacement and the duration of the spinning
component. The parameters are interdependent and in most cases several trials are
done before the mass production. The trials are performed in order to maximize the
properties of welds on the welding piece. It has been found that almost any

thermoplastic material can be friction welded [American Welding Society website].

The process of friction welding is illustrated in Figure 7.4. The process is mainly

composed of three phases as shown.
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Figure 7.4: Three main phases of friction welding process

Phase 1 in Figure 7.4 (NCT Incorporated website), is the initial phase with a low
temperature interface where one stationary component is placed against the spinning
component to produce friction or heat. Phase 2 shows the state where enough heat is
generated and all components are in a plastic state. A predetermined Axial forging
force is applied in order to join the two components. In phase 3, plastic state flashing

is easily removed (NCT Incorporated website).

Friction welding yields a very high strength because of full cross-sectional forging. It
also provides low stress porosity and in most cases there is no need for very
expensive pre-machining. This process also allows the joining of two different
materials and still yields good material property. An example is the joining of steel to

stainless steel and copper to aluminium or vice versa (NCT Incorporated website)

Friction welding technique is a low temperature welding technique. This means that a
small area is affected by heat. By using this technique most material properties are not
greatly affected as compared to the traditional liquefied metal. In this technique no
third metal is added to the process. Also, it is possible to remove the flash (the plastic
state material displaced during forging) while the welding piece is still soft and hot. In

addition, costly grinding is avoided by removing flash while hot.
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BENEFITS AND APPLICATIONS OF FRICTION WELDING

Benefits:

The friction welding process is an environmental friendly process as it uses minimum
energy consumption and it does not generate any smoke or gases which are harmful
to society or the environment. Furthermore, friction welding gives the benefits of free
design, where designers are free to combine various factors in one piece of design.
These factors are: conductivity, reluctance, hardness, strength, weight, tubular and
non magnetic. The friction welding process requires less labour as compared to the
traditional way of welding and it could also give the designer the benefit of simple

component design (NCT Incorporated website).

This process is ideal for a prototype or small component because it gives flexibility of
initial low costs. Furthermore, the friction welding process is a low cycle time process,
it takes less time to produce or weld one component. This leads to low costs and high
production business environment. The process does not require much of surface

preparation and saw cuts are most commonly used (NCT Incorporated website).
Applications:

The friction welding process is used in many industries in different applications. The
first industry which friction welding is commonly used is Automotive. In the Automotive
Industry the following components are welded: air bag inflators, transmission gears,

axles, axle housings (NCT Incorporated website).
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BRAKE CALIPER

Figure 7.5: Friction welding on brake calliper

Figure 7.5 shows the application of friction welding in the automotive industry. The
brake calliper as shown in Figure 7.5 is welded by using friction welding techniques.
Other industries which use the friction welding process are food, military, medical,
marine, mining/drilling, Bi-metal and Hydraulic. The following are examples of
components manufactured by friction stir welding in different industries, namely:
hollow heat exchangers, delta Il rockets, laser system housings, aircraft structure,
space shuttle external tanks and food trays. See Appendix G on how components are

welded together.

TYPES OF FRICTION WELDING

LINEAR VIBRATION WELDING

In this type of friction welding, the components to be welded are brought into contact
and all components are moved relative to each other to generate enough friction. The
components are rubbed against each other and at the same time forged towards each
other. Furthermore, parts are vibrated at amplitudes of between 1.0 mm and 1.8 mm
at a frequency of 200Hz or the amplitude of between 2.0 mm and 4.0 mm at a
frequency of 100Hz. Examples of linear friction welding applications are shown in
Figure 7.6 (The Welding Institute website).
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Figure 7.6: Example of linear friction welding
ORBITAL FRICTION WELDING

“In orbital welding each point on the surface of one part orbits a different point on the
face of the other part. The orbit is of constant rotational speed and is identical for all
points on the joint surface. This motion is stopped after sufficient material is melted

and the thermoplastic then solidifies to form a weld” (The Welding Institute website)

“Orbital welding is a relatively new technique, and tends to fill the size gap between
benchtop ultrasonic units and linear vibration welders, and most applications tend to
be for automotive components” (Thomson Friction Welding website). Figure 7.7 (The
Welding Institute website) shows an example of linear friction welding (Thomson

Friction Welding website])

SPIN FRICTION WELDING

Spin friction welding works well when both parts have a circular cross section. Spin
friction welding is used in a variety of applications such as the manufacture of
polyethylene floats, aerosol bottles, transmission shafts and PVC pipes and fittings.
The great advantage of spin friction is that it can be performed below the surface of a

liquid. An example of spin friction welding is shown in the Figure 7.7.
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Figure 7.7: Possible configurations for spin welding thermoplastics

ANGULAR FRICTION WELDING

Angular friction welding is comparable to linear vibration welding. The distinction is
that angular friction welding requires angular motion whereas linear motion is needed
for linear vibration welding. The vibration on angular friction is rotates the workpiece

through fewer degrees.
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APPENDIX B: DESIGN CALACULATIONS

B.1 LOADS ACTING ON THE STRUCTURE: ASSESSMENT AND
DECISIONS

The friction stir welding machine for joining rails has never been built before; therefore,
all loads acting on the structure are obtained by means of detailed research for similar
materials or processes. Most work has been done on the friction stir welding of
aluminium and less work has been done on steel material. As a result, most of the

information contained in here has been for aluminium material.

In order to fully understand the loading specification of the designed structure, the

following must be known:

e the type of material to be welded
e the thickness of the material to be welded

e type of welding tool to be used

The machine is designed to friction stir weld a number of rails used in South African
railway lines. Table 0.1A in Appendix A defines the rails used in South Africa and their

material properties or composition.

In Appendix C, Tables of different materials, overall sizes and loading specification are
shown. From Table 0.3C, in particular reference to steels, shows that for a mild steel
plate of about 12 mm the average rotation speed of 600 rpm, and the transverse
speed of about 100 mm/min were recorded. The torque which was acting on the
rotating tool was about 55 N.m and a normal force of about 18 kN was recorded
(Lienert et al, 2003). From the above information, it can be deduced that for a plate
thickness of 120 mm, the torque acting on the tool could be around 550 N.m with the
required rotational speed of 4000 rpm and the minimum welding speed or transverse
speed of 1000 mm/min (16.67 mm/sec). The required force to push the rotating pin in
the direction of the weld depends very much on the welding speed and the material to
be welded on. Therefore, the maximum allowable applied force in the direction of the
weld is estimated to be between 44 kN and 55 kN.
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Based on the above information the following information in Table 7.1 has been drawn
up in order to summarise the design requirements parameters. These parameters are
required in a detailed design analysis of the machine components to be used. In
addition, these estimated parameters are only the estimates since there is no source
of information. The unavailability of information is due to the fact that friction stir

welding is very new and not much study has been done on it.

7.1: Estimated welding required parameters for design

Properties Minimum Value Maximum Value
Rotational speed (rpm) 2500 4000

Torque 55 N.m 65 N.m
Transverse or welding | 16.67 30

speed (mm/sec)

Estimated Pushing force | 44 55
(kN)

B.2 SELECTION OF STANDARD COMPONENTS

DRIVE MOTOR SELECTION

In order to select motor drive successfully various issues need to be investigated and
fully understood for example, power required to drive the load or tool pin. Shigley et al,

(2004) states that power can be obtained by utilising the following relationship:

_27nTw
60

P

(7.1)

Where P is the power required to drive the load

T is the torque and o is the rotational speed.

Equation 7.1 is used together with Table 7.1 so that the power required is obtained.

From equation 7.1, the power required to drive the load is found to be:
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_ 27 x2500x 65
60
=17.02kW

P

ELECTRO-HYDRAULIC DRIVE SELECTION

The electro-hydraulic actuator was selected on its overall dimensions and the required
maximum force. The overall dimension included the ease with which it can be
mounted on the designed machine and the portability of the device. Another factor
which has contributed to the selection of the electro-hydraulic actuator was the
technical performance of the device. Also, the actuator must be able to translate
(Translational speed) by the required speed and must be able to apply the maximum
and minimum force required. Table 7.1 specify the welding speed of 30 mm/sec and
model 139 is capable of providing the speed of 100 mm/sec and was selected. See

Appendix F for the technical specification of the selected electro-hydraulic actuator.

COUPLER SELECTION

The coupler is used to join the extended shaft to the electric motor and the string tool
pin. The selection of couplers is based on the SteelFlex selection guide (The Falk

Corporation, 2004) that requires the following information:

(i) kilowatt (kW) or torque

(i) running rotational speed (rpm)

(i)  Type of equipment to be connected (motor to pump, gear drive to conveyor
etc)

iv)  Shaft diameters (for both driver and driven shafts)

(

(V) Shaft gaps

(vi)  Physical space limitations
(

vii)  Special bore or finish information and type of fit required.
The coupler between the motor and the extended shaft is to be selected based on the

information above. The selected coupler is used between the gearbox output shaft

and the extended shaft. The standard selection procedure used is adopted from (The
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Falk Corporation, 2004). See Appendix F for the detailed coupler selection procedure.
Therefore, the gearbox output shaft has a rotating speed of 2500 rpm and an output
power of 17.02 kW. The driver diameter is measured at 65 mm and the driven

extended shaft has a diameter of 92 mm.

To determine the required rating, the following relationship is used:

kW x 9549
Systemtorque = ———
rpm
_17.02x9549
2500
=65.01Nm

Looking at The Falk Corporation, (2004 Appendix F shows the service factor for
machine tools is equal to 1.75. Therefore, the required minimum coupling rating is

given by:

Required coupling rate = 1.75 (65.01)
=113.77 N.m

Looking at The Falk Corporation (2004), Appendix F, the suitable coupler is 1090T.
This type of coupler is capable of absorbing a rotational speed of 3600 rpom and the
torque rating of 3730 Nm. Both the rotational speed and the rated torque do not
(1090T) exceed the specified speed of 2500 rpm and the rated torque of 65 N.m.
Therefore, the selected coupler meets the minimum parameters specified. The
maximum and minimum bore diameters are specified to be 95 mm and 27 mm and the
shaft diameters to be coupled 65 mm and 91 mm. Therefore, the selected coupler
meets the basic geometric requirements. Appendix F shows detailed information

needed for selecting the above mentioned coupler.

The coupler is also suitable for joining the rotating tool pin and the extended shaft
since a rigid coupler is required to make sure that the pin and the shaft and the pin are
as rigid as possible. Therefore, a reference to The Falk Corporation (2004) was made

to select the perfect rigid coupler suitable for coupling the rotating tool pin and the
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extended shaft. From The Falk Corporation, (2004), Appendix F; size 1020G type of
coupler has been selected. It is able to accommodate the maximum rotational speed
of 5600 rpm and the torque rating of 4270 Nm. The maximum and minimum bore
diameters are 98 mm and 26 mm respectively. Therefore, the above selected coupler

is able to accommodate the required parameter on both sides.

B.3 DESIGN OF SELECTED MACHINE COMPONENTS

Forces which are applied on the friction stir welding technique are significantly higher
than those applied in arc welding. As a result, the structure to be used for friction stir

welding must be rigid.

The following components were chosen for the detailed design.

i) Extended shaft

i) Rail clamp

iii)  Structure supporting or fixing the electric motor (motor support bracket)

iv)  Vibration isolator between the rail clamp structure and top (motor supporting
structure)

(V) Lifting mechanism

DESIGN OF AN EXTENDED SHAFT

The extended shaft is used as an extension rod to connect the motor and the pin
(working tool). The shaft is designed in such a way that is zero defection will occur
when the maximum load is applied to the shaft. This force is applied by means of an
electro-hydraulic cylinder connected to the shaft. The shaft is assumed to be
subjected to pure bending load due to the electro-hydraulic cylinder and pure torsonal
load due to the rotating motor output shaft. The following assumptions are made in

order to design the extended shaft successfully:
e The shaft is manufactured accurately based on the requirements of
surface finish and material composition

e The shaft diameter is of a specified size
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e The load acting on the shaft acts in a manner similar to that of a

Cantilever beam.

e The beam is to be designed for static and fatigue loadings
Shaft design may be achieved by using different fatigue-failure criteria, namely:
(i) MSS-Seoderberg
(i) DE-Goodman
(ii)  ASME-elliptic

(iv) DE-Gerber

The failure criteria stated are used to select the suitable shaft diameter. Therefore, the

following equations are used. All equations used are taken from Shigley et al, (2004).

e For MSS-Seoderberg fatigue-failure criteria

%

32 MY 7Y %
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e For DE-Goodman
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e For ASME-elliptic
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V2 S, S,

e For DE-Gerber
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Where:

n — Fatigue safety factor

K¢_ Fatigue stress concentration factor

Kss — Fatigue stress concentration factor (shear loading)
M, — Alternating bending moment

Se — Endurance limit

Sut — Ultimate strength

Sy — Yield strength of the material

Tm — Steady or mean applied torque

Given information for shaft design:

n=2
Ma = 40 kN*0.15m
= 6.0 kN.m
= 6000 N.m
Ta=100 N.m
Sy = 1000 MPa

Suit = 1200 Mpa

The following data is assumed;

D/d =1.1
r/d = 0.05

(7.5)
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Analysis:

The first step is to determine the endurance limit of the shaft. The endurance limit is

calculated by the following relationship for most steel materials:

S, =0.504S,,
= 0.504 x1200MPa (7.6)
= 604MPa

The endurance limit of the shaft itself is given by the following relationship:

Se = kakbkckd kekf Se’
= 0.963(1)(0.85)(1)(0.814)(1)(604)MPa (7.7)
=401.2MPa

The stress concentration factor (bending load) is calculated by the following

relationship:
K
K, = ¢ (7.8)
f 2(K, -1)va
1+ —
Ko r
K, =1+(K, -1q (7.9)

Referring to Juvinal and Marshek (2006), the stress concentration factor found in
Figure 0.1N, Appendix H, corresponding to r/d of 0.05. In Figure 0.1 N in Appendix H,
the value of K;corresponding to r/d of 0.05 is found to be 1.87.

The notch sensitivity factor is obtained by assuming that the notch radius r is equal to
2mm and an ultimate strength of 1.2 GPa. The notch sensitivity factor Figure 0.2N
Appendix H Juvinal and Marshek (2006) based on the above mentioned is equal to
0.95.
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Therefore,

K, =1+(1.87-1)x0.95
=1.8265

(7.10)

The stress concentration factor (torsional load) is calculated by the following

relationship
K
K, = t (7.11)
T 2K -1)Ya
1+ —
Ke r
K =1+(Ky —1)qg (7.12)

The stress concentration factor (torsional loading) is found from Figure 0.1N Appendix
H corresponds to r/d of 0.05. According to Figure 0.1N the value of Ky is found to be
1.55.

Notch sensitivity factor is obtained by assuming that the notch radius r is equal to
2mm and ultimate strength of 1.2 GPa. The notch sensitivity factor is found from
Figure 0.4N Appendix H Juvinal and Marshek (2006) based on the above mentioned
is equal to 0.95.

Therefore,

K, =1+(1.55-1)x0.95
=1.5225

(7.13)

The constants found above are used for determining the required diameter of the shaft
by using various criteria. The calculated diameter is defined as the minimum diameter

required to withstand loadings on the shaft.

e For MSS-Seoderberg fatigue-failure criteria
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32 MY 7Y &
d= —r{[Kf a} +{Kfs—mJ]
T S, S,

Inserting values on the equation above:

600 Y
d-1322 1.8265— | +|15225 ——
T 604 x10 1000 x10

d =71.76mm

e For DE-Goodman

b
| :{mn[szMa +@Kfsij}

T S S

e ut

16(2) ( ,1.8265x 6000 1.5225x100
d= 2 5 ++/3 .
604 x10 1200x10

T

d =71.91mm

e For ASME-elliptic

16 M.\’ T
d="4 K, 22| 43K, -
/4 S, S,

2
d= @{4{1&%%) +3[1.52251—

V2 04x10

d =71.76mm

(7.14)

(7.15)

(7.16)

(7.17)

(7.18)

(7.19)
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e For DE-Gerber

A

16nK M , K.T.S, ) k&
d=| 214|143 B (7.20)
S K,M.S

e a“ult

%

_ | 16(2)(1.8265)(6000) 1{“3( 1.5225(100)(604 x10°) ﬂ% .

| z(604x10°) 1.8265(6000)(1200x10°)

d =71.76mm

Table 7.2: Summary of shaft design based on different criterion

Criterion Diameter (d) (mm)
MSS-Soderberg 71.76
DE-Goodman 71.91
ASME-elliptic 71.76
DE-Gerber 71.76

Based on the summary of results in Table 7.2, the minimum diameter required based

on the load assumption applied is 72 mm.

Therefore, the minimum shaft diameter is said to be

d=76 mm

D/id=1.2 (7.22)

Therefore,

D =92 mm
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After obtaining all relevant data, important parameters need to be determined to draw
and plot the designer’s fatigue diagram. The designer’s fatigue diagram is only

constructed in the DE-elliptic criterion case.

VIBRATION ISOLATOR

The main purpose of the vibration isolator is to reduce the magnitude of force
transmitted from a vibrating machine to its supporting structure. Various components
are used as vibration isolators, for example: coil spring (steel), resilient material or
rubbers, cork, felt and dense fibreglass. Consequently, there is a need to design the
vibration isolator. In addition, the motor mounted on the top structure has the ability to
transmit vibration to the bottom structure (rail clamp and other components). As a
result, there is a need to design a vibration isolator to help in reducing force magnitude

and increasing weld quality in the system.

The purpose of rail clamps is to ensure that the rail is rigidly clamped together. If
vibration is transmitted in large amounts by the motor, the rail clamp could suffer early

damage and undesired misalignment could occur.

The following assumptions are made:

e The foundation (the support rail clamp) is massive and rigid and the mounted
motor vibrates at constant amplitude.
¢ |f the motor vibrates at constant force, the reduction in force is on the ratio of

the exciting frequency to the natural frequency of the system (Kutz, 1999).
The factor which specifies the effectiveness of a vibration isolator is defined as
transmissibility. “Transmissibility is defined as the ratio of the force applied to the
isolator by means of machine, to the force transmitted by the isolator to the

foundation” (Kutz, 1999).

Therefore,
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Transmissibility = t.ransmlttedforce (7.23)
impressedforce

Ideally transmissibility must be equal to zero and in a real situation the objective is to
make it very close to zero. This is usually achieved by designing the system to have a
lower natural frequency of the mounted machine as compared to that of the exciting

force.

By assuming that there is no damping in the system, transmissibility could be

expressed as follows:

T=" (7.24)

Where T = the transmissibility, expressed as a fraction
w = the circular frequency of the exciting force, in radians per second

o, = the circular frequency of the mounted system, in radians per second

If the ratio of frequency of the exciting force and the frequency of the mounted system
is zero, this implies that the transmissibility ratio is one. In this condition there is no
need to insert the insulator as there is no benefit to fitting one. If the ratio of frequency
of the exciting force and the frequency of the mounted system is greater than zero but
less than 1.41, the designed isolator tends to increase the magnitude of transmitted
force. This region is called, “the region of implication” (Kutz, 1999). From equation

7.24, if the ratio w/w,is equal to unity, the theoretical amplitude of the transmitted

force goes to infinity, since it is the point where the natural frequency of the system is

equal to the frequency of the disturbing force.

If the ratio w/w, becomes greater than 1.41, the transmissibility becomes negative.

The negative sign is simply due to the phase relation and the motion and could be
disregarded if only the force transmitted is a concern. Therefore, the transmissibility

could be written as:
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T = — (7.25)
(1)
Where o = 2af (7.26)

The natural frequency is closely related to the static deflection of the spring; therefore,

the natural frequency is expressed as follows:

o, = \/% - /%m (7.27)

The above equation 7.27, may be converted to equation 7.28 as follows:

f = 3.14\/% (7.28)

Where f, = natural frequency, Hertz

d = the deflection, in inches

According to Kutz (1999), the natural frequency of the isolator should be about one-
tenth to about one-sixth of the driving frequency for critical conditions, and the
corresponding transmissibility factor should be between 1% and 3%. For non-critical
or less critical condition, the natural frequency of the isolator should be between one-
sixth and one-third of the driving frequency and the corresponding transmissibility
should be about 3% and 12% (Kutz, 1999).

Design calculation
The frequency transmitted to the structure is found by assuming that the motor is
rotating at a maximum speed of 4000 revolutions per minute. Therefore, »=4000 rpm,

when converted to Hertz, #=66.67 Hz. The load applied to a bottom or supporting

structure is estimated by summing the masses of all components from the top
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structure. The total weight is found to be approximately 150 kg, which can be easily
converted to magnitude force of 1471.5 N. (Fappiies = 1471.5 N).

From the design point of view, the above specified force applied to the isolator need to
have a safety factor and the safety factor is assumed to be 1.8. This clearly implies

that the force applied to the isolator is now equal to 2648.7 N.

It is assumed that the spring has the ability to deflect 2.5 mm when maximum force is
applied. The natural frequency of the isolation system could be found by equation 4-6
above. Since d is expressed in inches, 2.5 mm equals 0.1 inches. Therefore, the

natural frequency of the isolation in the system is found to be:

fo = 3'14\/% (7.29)

=9.93Hz

By using equation 7.25, the transmissibility is found to be;

1
T= 2

(66.6% 93) 1
= 0.02269 (7.30)
= 2.269%

The condition is critical since the ratio w/w, is approximately seven times the natural

frequency. In other words the natural frequency of the isolating system is seven times

that of the rotating machine. The transmissibility is also between 1% and 3%.
Design scenario
The helical spring design process was adopted from Juvinal and Marshek (2006). In

order to design the helical spring geometry which will assist in reducing the force

transmitted to the bottom structure, the following scenario is assumed.
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e The helical spring must deflect 30 mm when the maximum 2.7 kN force is
applied and the loading is assumed to be static.

e The helical spring must be able to fit accurately into a hole of 40 mm diameter.

e The helical spring is assumed to have been made from oil tempered ASTM 229
wire.

e “There is no unfavourable residual stress™

e “Both end plates are in contact with nearly a full turn of wire”

e The end plate loads coincide with the spring axis”

Considering the above, the spring constant is calculated as follows:

The following equations are to be used in the design of the helical spring.

. 4C -1 N 0.615 (7.31)
4C -4 C
Where C is D/d
K =1+22 (7.32)
C
T= i';? K, = :dFZ CK, (7.33)
B d'G _dG (7.34)
8D®N 8NC*® '
N, =N+2 (7.35)
Where N = number of active turns
N; = total number of turns
L, =N,d (7.36)
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Design analysis

e Spring constant

F =kx (7.37)

Where k is the spring constant
x is the deflection

F is the applied force

Therefore, k = 2648.7/30
= 88.26 N/mm

Therefore, the required spring rate is 88.26 N/mm.

e Clash allowance

The clash allowance must be 10% of the maximum force applied.

Therefore,
2648.7N
0/0—
Clash allowance = 88.26N / mm
=3 mm

It is also important to calculate the solid force of the helical spring. The solid force can
be defined as the maximum force in N that can be applied before the spring becomes

solid. Therefore, the solid force is found to be:

Feolid = 2648.7 + 88.26 (3) N
= 2913.48 N

The spring diameter must be able to fit a hole of 40 mm and there must be clearance

on the spring. Therefore, It was determined that D + d must not exceed 40 mm. The

reason why clearance is needed is that the spring outside diameter has a tendency to
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increase due to compressive force on the spring. If D is assumed to be 34 mm,
clearance is obtained. D and d parameters must be solved in order to make sure that

all stress requirements are satisfied.

In order to calculate the value of d, Ks and 7, need to be evaluated first. Juvinal and
Marshel (2006) Ks varies very slowly for values of C between 6 and 12. Therefore, Ks
is assumed to be 1.05. The value of r_,, can be obtained by using Juvinal and

Marshel (2006) and by first assuming the diameter of the wire to be 2.7 mm. The
corresponding ultimate stress for ASTN A229 is 1562.5 MPa. Therefore, the

corresponding shear stressz_;, is calculated as follows:

soli

Toig = 0.45S,
=703.125 MPa

Therefore, d is calculated by using equation 7.34 as follows:

8F,,sD

Tsolid = ;:f“g Ks
703125 x10° — 8x2913.48 x 0.0341'05

zxd?
d?® =0.000000376m
d =0.007222m
d=7.22mm

To obtain greater spring clearance, d is chosen to be equal to 7.2 mm. To avoid

estimating Ks equation 7.34 is used.

Using Figure 0.6N Appendix H, the corresponding value of ultimate stress for d = 7.2

mm is found to be 1300 MPa, therefore, the corresponding 7, is found to be 585

MPa.
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r — 8Fsolid CKS

solid
ﬂd 2

8x2913.48

585x10° =—————CK{
7 x0.00722

(7.38)
CK, =4.11

In Juvinal and Marshek (2006), the value of C is estimated to be 1.11. Therefore, D

can be calculated as follows:

_ (7.39)

The second trial is more accurate and has given more clearance since the initial
estimate of the outer diameter was 34 mm and the required outside diameter was

found to be 29 mm.

The number of turns required could be calculated by using equation 7.39. Juvinal and
Marshek (2006) the tensile modulus of material to be used (ASTM 229) is found to be
79 GPa. Therefore:

G =79GPa
4
k = 8‘1)5?\] (7.40)
4 9
88.26  10°  0-00722 ><73><10
8x0.029°N
N =12.47

Using equation 7.40, the total number of turns is calculated as follows:
Ny =12.47 +2

=14.47

Using equation 7.40, Ls is calculated as follows:
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Ls= Nd
=14.47(7.22)
=104.47 mm

Therefore, the free length of the spring is 105 mm. this is merely because the spring

will deflect 30 mm when 2.7 kN is applied.

To verify the buckling criteria of the spring Figure 0.5N Appendix H is used because
the coil springs loaded under compression act like a columns. This happens
particularly for large ratios of free length to mean diameter. The following criterion is

used for checking buckling on the spring.

5static — 30mm — 029
L, 104.47mm

L

—r _1o447mm _ o o (7.41)
D 29mm

Looking at Figure 0.6N Appendix H Juvinal and Marshek (2006), it can be seen that
even though the spring end plates are constrained parallel, the spring is far from the
buckling region. In other words the spring parameters are within the stable region to
avoid buckling.

Finally based on the design process followed above, the spring parameters which

satisfy the stress and the spring rate requirements are as follows:

d=7.2mm
D =29mm
N =12.47
L, =104.5mm
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Important note:

The spring must be manufactured within the specified limit of dimensions otherwise

early failure could be caused or the applied force reduction limited.

RAIL CLAMP

The rail clamp is supposed to keep both rails together and in line. This means that rail
clamps must be designed in such a way that they are very rigid. The component must
be able to withstand all forces subjected to it by the tool pin. The tool pin has a
tendency to try and pull apart the two rails which are to be welded. Therefore, the rail
clamp must be designed in such a way that it can withstand the force exerted on it by
the rotating pin. The rail clamp must be strong enough and it must not by any chance
bend due to the forces applied to it. In other words the rail clamp must have minimum

(zero) deflection at all times during the friction stir welding operation.

The rail clamp must also be desisigned in such a way that it is adjustable in terms of
height. The rail clamp must be adjusted from 127 mm to 150 mm in height. This is
mainly due to the fact that rails are of different profiles (sizes) and they tend to deform
or wear during operation. Therefore, if the rail clamp has adjustable height it may be

able to accommodate several rails to be welded.

Design criterion

The following assumptions are made:

e The transitional force is equal to the axial force ( 400kN)

e The clamping force must be at least 1.5 times the axial force to avoid
slipping on the rail.

e For simplicity the rail clamp is modelled on the supported beam shown
below.

e Normal steel properties are to be used in the analysis
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Analysis:
The following symbols and dimensions are used for rail clamp design analysis:

ds =d2 =50 mm
di =d3z =20 mm
d7 =dg =28 mm
ds = ds = 28 mm
dy=ds;=d

d2=d4=e

Summing the forces along the x- direction (refer to Figure 33):

F=0
2 (7.42)
300+300=F, +F,

Summing moment (clock wise direction assumed to be positive) (refer to Figure 7.8
and Figure 7.9):

> M, =(d, +d,)800+0.127(F, )~ (d, +d, +127)300 = 0 (7.43)
Therefore, solving for F4

d, +d,)300—(d, +d, +0.127)300
0.127

[0.07 —(0.07 +0.15)] (7.44)

Fl:(

300
0.15
F, = 300kN

I:l
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Figure 7.9: Simplified rail model
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Figure 7.10 shows the rail clamp used to tighten two rails. It is assumed that the force
F1 and F2 are applied due to the reaction forces of the rail flange. Figure 7.11 is a
simplified representation of Figure 7.10. It has been assumed that the rail clamp is
fixed at both ends by means of bolting. Figure 7.10 shows the worse case scenario of

loading application.

In order to obtain the minimum thickness required on the plate, mild steel is assumed
to be the selected material to be used. The scenario in Figure 7.10 shows the two
equal forces applied 50 mm away from the ends of the plate. For simplicity, it is
assumed that the sum of the two forces (600 kN) is applied to the centre of the beam.
This is obviously the worse case scenario. This is to ensure that the well known

standard for the beam bending theory is used.

Figure 7.12, shows the worse case scenario for Figure 7.11. The worse case scenario
was only assumed to simplify the analysis. It is the worse case scenario because the
load is applied at the centre of the beam instead of the two loads applied at the far
end. When two forces are applied to the far end of the beam, they do not bend the
beam much as compared to the forces applied at the centre. Greater deflection is
expected when a higher force is applied to the beam at the centre. This will ensure

that standard tables from reliable sources are used with confidence.

600 kN

Figure 7.10: Worse case scenario
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In the worse case scenario,

Maximum deflection is found by using the following relationship:

w I®
f= Elg—z(max) (7.45)
M, = %'(max) (7.46)

The beam must have zero or nearly zero deflection. Therefore, it is fair to assume that

the maximum deflection allowed on the beam is 0.0001 m (nearly zero)

By using equation 7.45, the following results are obtained:

3 3
0.0001 = 80010 (0.2)
200x10°1(192) (7.47)
| =1.25x10°m*

| is the moment of inertia and is simply calculated as follows:

| =Ebh3 (7.48)

h- —NA

Figure 7.11: Front cross-section of the rail clamp

122



By equating equation 7.47 and 7.48 and assuming that the value of b is equal to 300

mm, the following is obtained. (Refer to Figure 4.13):

h® = 0.00005

Therefore,

h =0.03684m
h = 36.84mm

Therefore, the minimum thickness required on the rail clamp is 38 mm.

Bolt selection:

The rail clamp is subjected to heavy forces and is expected to hold two rails together.
Therefore, the number of bolts required to hold the two rails must be selected. Initially
it was assumed that the number of bolts required on the top and bottom of rail ramp
was three on each side. Therefore, three bolts at the top and three are the bottom.

The side view of the rail clamp is shown on the Figure 7.12:

Using Figure 7.12, the tensile force acting on the holes is calculated as follows;

150
ey
=50kN

150
Y
=50kN

For design overload:
6(300) = 300kN

Therefore,
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S p
Consequently,
300
A 970
A, =309.27mm?

(7.49)

(7.50)

Therefore, M24x3 was chosen from Shigley et al, (2004) Table 0.2N, and Appendix H.
The proof strength of 970 MPa was chosen from Table 0.2N fromin Appendix H. In

addition, M24 bolt is the minimum diameter which can be used to clamp rails together.

For safety reason M30x3.5 was chosen.

Specifications for bolt to be used is as follows:

Table 7.3: Bolt material and geometry specification

Material | Diameter | Proof Yield Tensile | Core Pitch Minor
load strength | strength | Hardness diameter
stress Rockwell

SAE 1.6 970 1100 1220 C38 3.5mm | 28.7 mm

Class through MPa MPa MPa (max) and

12.9 36 C44 (min)

124




|




MOTOR SUPPORT BRACKET

10 kN force
applied

Figure 7.13: Assembly of motor support bracket to be designed

The motor support bracket must be designed in such a way that there is zero
deflection because a force of reasonable magnitude is to be applied by the actuator or
motor coupled with gears to make sure that enough friction is generated by the tool
pin coupled to the top motor. Therefore, the top motor structure must be very rigid,

otherwise the principle of friction stir welding will not succeed.

Initially it was assumed that the rail material was at room temperature and more force
is needed to generate enough friction or heat to begin the welding process. For the
worst case scenario it is assumed that the force to be applied to the motor support is
equivalent to that applied by the tool pin axial. Mishra and Ma (2005) it have shown
that for a plate thickness of 70 mm the force needed to be applied is about 10 kN but
the force applied depends in various factors, for example: material properties of plate

or piece to be friction welded, quality of weld required etc.

Based on the findings of Mishra and Ma (2005) it is safe to assume that the force to be
applied to the motor support is 18 kN. The minimum thickness of rail to be welded is

127 mm and the maximum thickness is 150 mm. It can also be assumed that the
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safety factor to be used is 1.5. As shown in Figure 7.13, the force F is applied by the
actuator and the reaction forces are due to the motor support, therefore, the motor
support bracket is modelled as a Cantilever beam fully fixed at one end and free at the

other. Figure 7.13 is simplified and represented in Figure 7.14.

F

! g !
L] Ml L]

L=0.12m ‘ b

Figure 7.14: Model of motor support bracket as a Cantilever beam

Based on the requirements of the motor support bracket discussed above, the bracket
must be designed in such a way that there is no deflection on it as the load is applied.
Therefore, the deflection of beam formula must be utilised in order to optimise the

geometry of the motor support bracket.

Refering to Juvinal and Marshek (2006), the following formulas are to be utilised.

2
g=FL (7.51)
2E|
FL®
_rt 7.52
max 3EI ( )
5=F¥ (3L—x) (7.53)
6EI '

Where F is the force applied on the beam, E is the elastic modulus of beam material

and | is the moment of inertia.
Two motor support brackets are used to support and fix the motor in position.

Therefore, the reaction forces are to be shared between the two brackets. Due to

symmetry, the half model must be used that is: the design calculation will only be done
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on one motor support bracket. A force of 40 kN is assumed to be applied on both the

support brackets, therefore, each one will carry 20 kN force.

For simplicity, it is assumed that the maximum deflection allowed when force F is
applied to the beam is 0.0000001 m. Therefore, equation 7.53 is used to calculate the
required geometry such that the maximum deflection is 1 mm. The length of the beam
is assumed to be 120 mm. By using equation 7.53, the following is found.

30x10°%x0.12

0.0000001 = 1
3x200x10° x — xbh®
12

(7.54)

By assuming b to vary from 26 mm to 126 mm and solving h from equation 7.54

above, the following results tabulated below yield.

Table 7.4: Optimum shape for 1 mm deflection of a bracket

b (m) h3(m?®) h (m) h (mm)
0.026 | 0.001246154 | 0.107611 | 107.6111
0.036 0.0009 0.096549 | 96.54894
0.046 | 0.000704348 | 0.088974 | 88.97385
0.056 | 0.000578571 | 0.083327 | 83.32698
0.066 | 0.000490909 | 0.078886 | 78.88608
0.076 | 0.000426316 | 0.075262 | 75.26224
0.086 | 0.000376744 | 0.072224 | 72.22411
0.096 0.0003375 | 0.069624 | 69.62383
0.106 | 0.00030566 | 0.067362 | 67.3617
0.116 | 0.00027931 | 0.065368 | 65.36757
0.126 | 0.000257143 | 0.06359 | 63.59039

From Table 7.4, the optimum cross-section for a motor support bracket is a 126x64

mm plate. This is based on the assumption that the beam is allowed to deflect 1 mm.

Also, there is a need to perform bending moment calculations to show the maximum

stress on the plate. For a simple stress analysis, the following assumptions are made:

e The beam is initially straight
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e The beam is loaded in a plane
e The shear stress in the beam is uniform across the beam width at each

location from the neutral.

Refering to Juvinal and Marshek (2006), the maximum stress can be calculated from

the following formula.

o =My (7.55)
o =Mc (7.56)

Where M represents the moment applied on the beam and c is the distance from the

neutral axis to the surface of the beam.

From Figure 7.15, M is calculated to be 3.24 kN.m and c is equal to 0.032 m.
Therefore, from equation 7.56, the maximum stress on the beam is calculated as

follows:

_3.24x10° x0.032
max 1

— x0.126 x 0.064°
12

O

= 37.67 MPa

The maximum stress is way below the yield stress of carbon steel 1020 HR of 290
MPa (Juvinal and Marshek, 2006).

Furthermore, a fatigue analysis needs to be done in order to verify how variable loads
can affect the structure. The applied stress is about eight times the vyield stress,
therefore from Boldea and Nasar (2002) suggests that if that is the case it is not

necessary to perform a fatigue analysis.
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Bolts and nuts analysis

Figure 7.15: selecting bolts for motor support bracket

For mounting the motor support bracket, bolts and nuts are to be used. Therefore,
there is a need to perform basic design calculations to determine the sizes as well as
the number of bolts needed in order to withstand the force applied. In order to fully

understand the situation of design, the following assumptions are made:

i) There is no deflection on clamped members
i) The shear load is carried by friction
i)  There are eight bolts to be used to clamp the bracket

iv) A safety factor or design overload of six (6)

Summation of moments about point G (the fixed point on the bracket as shown in

Figure 7.15), gives the following results:
81(200) = 2F, (20) + 2F. (80) + 2F; (266) + 2F, (326)
Assuming that Fa = Fg = Fc = Fp

The above equation yields the following results,

Fa=11.70 kN
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As shown in Table 0.3N, Appendix H, class SAE 4.6 has a proof strength of 225 MPa.

Hence the required tensile stress area is

11.70
A="08 (7.57)

=52mm?
By referring to Table 0.2N, Appendix H, the required thread size is to be M10x1.5

In summary eight bolts of diameter 10mm and pitch 1.5 mm must be used to hold the
motor support bracket. Bolts must be manufactured using class SAE 4.6 steel

material. See Appendix H, Table 0.1N for Table of materials that must be used.

LIFTING MECHANISM

The lifting mechanism is used for lifting and adjusting the height of the motor which is
coupled to a tool pin. The lifting mechanism must not be moved and it must be self
locking and require a lower force to lift the motor. In addition, the motor must be able
to be operated by a single person. Therefore, a power screw is necessary for lifting

and adjusting the motor height.

The following assumptions are made in the design of the power screw for lifting or

adjusting the motor height.

(i) The starting and running friction remain steady
(i) Starting friction is about one-third higher than running friction

(i)  The force or torque to be applied on the power screw by a person is known

The following formulas are to be used in the design process of a power screw:

~Wd,, frd +Lcosea, Wfd,

T +
2 m, —fL 2

(7.58)
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It is vital to design a efficient power screw which requires a low force to lift the load
(weight of the motor). This is done to make sure that the force applied on the screw is
properly utilized. Efficiency is simply defined as the ratio of work input to that of work
output. The work input for a power screw is defined as 27T and the work output is
defined as WL (force times distance). Therefore, the efficiency is defined as follows,

ignoring the friction.

L ~d,cose, — fL

e= (7.59)
md, #fd_ +Lcose,
T =Fa (7.60)
tan A = L (7.61)
d,,
Where:
L — Lead

dn — Mean diameter of thread contact

T — Torque

W — Load (weight) of the object to be lifted
dc — Ball thrust bearing diameter

fc — Bearing friction

f — Friction of power screw
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Design calculations

Basic power screw dimension

The aim of this section is to design a basic power screw geometry such as lead (L),
pitch (p), thread depth, mean pitch diameter, helix angle and the efficiency of jack
during the lowering and raising of the load.

Assume that the force to be applied to the mechanism to lift the motor is 20 N and the
arm is approximately 0.15 m. Using equation 7.60, the torque to be applied to the lift
arm is calculated to be 3 N.m. The weight of the motor is assumed to be 20 kg. The
load to be lifted is approximately 196.2 N (the value was calculated by assuming the

gravity acceleration of 9.81 m/s?).

In design calculation the following parameters are made based on the following

assumptions:

e The running friction does not change with time
e The initial friction does not change with time

e Initial friction is one third greater than the running friction

- f.=0.07
- f=0.11
- de=21mm

In Table 0.4N Appendix H, Juvinal and Marshek (2006) for the diameter of 16 mm, the

corresponding p is 2. Therefore:

p =2 and
L=2p
=4 mm
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Thread depth = p/2

=1 mm
Dn = d-p/2
= 16-1
=15 mm
A= tanl( 4 }
7 x15
=4.851"

a, =tan~(tanaxcos 1)
= tan"(tan14.5" cos 4.851" )
=14.45°

To calculate the torque needed to apply the motor of 20 kg weight, equation 7.60 is

used:

~ 20x9.81x0.0150.11x rx0.015+0.004cos14.45" 20x9.81x0.021x0.07

+
2 7x0.015-0.11x0.004 2
=0.42969N.m

T

If the arm length is assumed to be 70 mm, then the force required to lift the motor up

is calculated to be;

T =Fxa
Therefore, F =0.42969/0.07
=6.1384 N

Consequently, the force required to lift the motor upwards is approximately 6.14 N.
The force is very low and only one operator is able to perform. This is one of the most
important requirements in the design of the lifting mechanism of rail friction stir welding

machine.
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Power screw subjected stresses
Torsional stresses

The power screw and threaded fasteners are normally subjected to torsional stress
during operating conditions. Torsional stress in a power screw is represented by the
following relationship:

,_1c_16T (7.62)

Where d is the thread root diameter and T is the torque applied on the power screw.
Using the values obtained above and equation 7.62, the torsional stress is found to
be:

s 16x0.4297
7 x0.015°

=0.684MPa

From the above calculation, the torsional stress acting on steel material could be
converted to a normal stress by a factor of 0.577 Boldea and Nasar (2002). Therefore,
the ultimate stress is found to be 0.3741 MPa. The stress applied on the power screw

is very low and as a result, normal mild steel may be used in building the power screw.
Axial load
The axial load applied to the power screw is the weight of the motor times the

acceleration due to gravity, therefore, the load applied to it is 196.2 N. By using the

stress formula; the following normal stress is applied to the power screw.

F
O applied = X
1962
alied = % 0.015
=0.2776 MPa
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Again, the applied normal stress is very low and as a result steel carbon 1002 A® of
yield stress 131 MPa Juvinal and Marshek (2006) may be used to build the power

Screw.

If the above mentioned material is used, the safety factor based on yield strength is
calculated to be 471. So, this material is safer to use in building a power screw.
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APPENDIX C: RAIL WELDING CONDITIONS MONITORING

C.1 CONDITIONS MONITORING FOR WELDING RAILS

INSPECTION AND DECISION MAKING

The exothermic welding process is a unique process whereby two rails are welded

together. It must be noted that most exothermic weld portions are found in rails in the

South African environment. When there is a need for exothermic welding the following

inspections must be done in order to maximise the quality of exothermic welds. This

type of welding can be used for maintenance purposes or for joining rails after

derailment.

The following steps are to be performed by qualified personnel before welding the rail:

The type of rails must be checked very carefully as some of the rails cannot be
joined by this type of welding. In the South African railway environment all
chrome manganese blocks are normally marked with aluminium or silver paint.
The aluminium paint is used only to maximise or to facilitate identification.

All joints to be exothermic welded are normally checked for alignment to see to
it that both rails are correctly aligned before welding. Otherwise poor alignment
could cause train derailment.

A minimum of 2 meters must be maintained between an obtuse weld and an
exothermic weld.

The permanent closure rail must fit as close to the existing rail as possible not
differing by more than 3 mm in rail level. If the height exceeds the minimum
3mm level, then a step mould must be used. The rail must preferably have no
fisher-bolt holes and must be at least 4.2 meters long and no casting may take
place if more than 6 mm difference occurs.

When it is necessary to insert a permanent closure rail curve where side wear
prevails, the total length of the defect in the curve concerned must be cut out
and the rails pulled up so that the permanent closure rail may be welded onto
the straight portion of the track where no side wear prevails.
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e Where exothermic welds are welded onto existing long-welded rails, the
fasteners or sleepers, 80 on both sides of the joint, must be loosened for

distressing.

TESTS FOR ACCEPTANCE/ LABORATORY TESTS

In order to make sure that exothermic welds are in line with the requirements, a
number of tests are performed. British standard BS EN 14730-1:2006 has outlined all
tests required for quality assurance purposes or for going on research purposes.

Therefore, the following takes are conducted:

e Visual surface examination

On the cast welded surface the following should be checked in order to maximize the
quality of exothermic welds. This test is used to make sure that there is no crack which
is longer than or equal to 2 mm. The joints between weld collars and rail as well as
flashing and rail must not have cracks. Pores with the dimensions of more than 3 mm
should not be allowed. The ground weld surface must also be checked to make sure
that there are no visible cracks or defects like pores, slag, sand inclusions, metal
beads etc. Visible heat affected zones must also be checked as their widths are not

allowed to be more than 20 mm.

¢ Running surface hardness test
The aim of this test is to make sure that weld hardness is within the required tolerance
or value. It must be noted that the hardness value range depends mostly on the type

of rail welded. The table below shows how hardness varies with rail grade. Table 0.1M

shows the hardness range (HBW) of different rail grades:
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Table 0.1M: Hardness value for various rail grades.

Rail grade Weld range (HBW)
Rail running on the | Weld center-line
unaffected parent
rail
R200 200 to 240 230+ 20
R220 220 to 260 250 + 20
R260 260 to 300 580 + 20
R260 260 to 300 300 + 20
R260Mn 260 to 300 280 + 20
R320Cr 320 to 360 33020
R350HT 360 to 390 350 + 20
R350LHT 360 to 390 350 + 20
NOTE: 0.5 mm should be ground from the running surface before a hardness
impression is made

e Slow blend tests

The main aim of this test is to make sure that the rails joined by the exothermic
welding process can withstand the lateral forces imposed by a moving train along the
rail. The minimum fracture load in kN to be applied on the rail when testing is 5 kN.
The force is simply defined as F = 0.00032.S where S is the section modulus for the
base of the rail.

e Internal examination

In this type of test weld soundness of the head, web and foot of the rail containing
weld is examined ultrasonically. This is usually done by sectioning the rail in all
directions. The Figure 0.2M (British Standard, BS EN 14730-1:2006) shows how the
rail containing the weld should be sectioned. The maximum dimension of any pores,
slag inclusions, sand inclusions or metal beads are recorded. Fusion zones and heat

affected zone are examined and recorded in the Table 0.1M:
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Table 0.2M: Ranges of heat affected zone

Less than or equal | Heat treated rail | Non-heat treated rail
to
20 mm X X
30 mm X X
40 mm X X
50 mm X -
60 mm X -

20 20

Figure 0.1M: Sectioning of rail containing weld

e Fatigue test

The loading variation is due to train movement bumps or due to normal variation
forces. Therefore, all rails are subjected to fatigue forces in operation. It is very
important also to check whether rail can survive the fatigue stresses due to force
variation. Fatigue strength and standard deviation of welds on rails is normally
specified by railway authorities. In this test all the unbroken rails are broken by slow

bending test in order to examine the fracture faces.

e Chemical analysis
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Chemical analysis is performed in order to make sure that the chemical composition of
the weld does not deviate very much from the parent rail chemical composition. The
following chemical contents are usually found in rails: namely: Carbon, Silicon,
Manganese, Phosphorus, Sulphur, Chromium, Nickel, Aluminium, Copper, Tin,

Antimony, Titanium, Niobium and Vanadium.

Inspection and decision making
Inspection is done according to prescribed specifications.
Approval tests

2. Visual inspection

The aim of this test is to make sure that all welding parameters are visually inspected
before any test is done on the welds. The parameters to be visually inspected include:
welding, trimming, pressing, clamping or profile finishing imperfections, such as tears,
cavities, cracks, damage, geometrical non-conformities, and thermal damage in

particular in the electrode contact areas.

3. Weld trimming

This test is aims to prevent poor trimming processes which could cause cracks along
the rail length. Attention is mostly given to the quality of trimming on the undesirable

quality of the rail foot.

The following tests are also carried out to make sure that the quality of weld is of a

high standard.

¢ Weld straightness and flatness

e magnetic particles or dye penetrant inspection
e bend testing

e macro examination

e micro examination

e hardness testing

o fatigue testing
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EXOTHERMIC WELDING AS APPLIED IN RAILWAY

The exothermic welding technique had little competition until about 1989. According to
Norfolk Southern exothermic is not considered as sentimental in the railway industry
but is considered as “necessary evil” (Stump, 1998). According to Stump (1998),
Burlington Northern has listed exothermic welding technique as the best when it
comes to rail defects. As stated, exothermic welds are considered to be extremely

difficult to produce good quality weld.

During the introduction of the electric flash-butt welding technique, manufacturers
strengthen their research and development teams in order to ensure a high
improvement in their product. The basic problem with the exothermic welding
technique is that it involves human skills and it can be applied only in a particular site.
The manufacturers of exothermic welding tools have recently claimed that their
process involves less human interference. Very soon and not later, exothermic
welding tools or manufacturers could be out of business since most projects are

excluding them (Stump, 1998).

Figure 0.2M: Example of exothermic welding applied on rail
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Figure 0.3M: Example of exothermic welding of rails

Figure 0.3M (Holland Engineering rail Solutions website) shows the jig used to
perform the exothermic welding. Similarly, Figure 0.4M (British Standard, BS EN
14730-1:2006) shows two rails joined by means of exothermic welding. It can be seen
from the latter figure that when two rails are welded together by means of exothermic
welding, more work is still required to cut out the edges. This is to make sure that the

rail has the required profile.

ADVANTAGES AND DISADVANTAGES OF ARC (ELECTRODE) WELDING
AS APPLIED IN RAILWAY

As mentioned above, the electrode welding as applied in the railway industry yields
very good material properties. It is very easy to produce good fatigue material
properties by using this technique. However this technique is not very good when it
comes to bending and static load properties. The main advantage of this technique is
that it yields high quality welds. It is very expensive by nature as it requires a highly

specialized operator.
COMPARISON BETWEEN FRICTION STIR WELDING AND OTHER
WELDING METHODS USED TO JOIN RAILS

In this section three types of welding used for joining rails and the proposed friction stir
welding is outlined. The aim of this section is to give an overall picture of the

processes used for joining rails.
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Table 0.3M: Experimental Values for Standard Rail Welds.

Welding Method
JNR Gas
Pressure Flash-Butt | Thermite
Test Welding Welding Welding
One type
rotation
Fatigue | bending 29-31 23-28 27-31
strength | Bending
(kgf/mm) | (actual rail) 34 29.5-34 18-22
Maximum
bending load Head up 121-137 116-139 99-110
Static | (1) Head Down 118-131 99-118 88-99
bending | Deflection Head up 25-84 30-97 17-23
test (mm) Head Down 23-90 13-63 11-18
Head up 1.5-5
Drop | Height (m) Head Down 2-3.5 3-8(5) 2.54
Weight | Deflection Head up 7-69
test (mm) Head Down 15-53 7-57 4-9.4

Stump (1998), was able to determine the weld strength of the rail welding processes
used in the field, namely: Exothermic, Flash-butt and Arc (gas) welding for three
different test. The following tests were performed on a standard rail in order to
compare the weld strength for different tests, namely; Fatigue test, static bending test

and drop weight (impact tests). Table 0.1M was found from Stump, (1998).

It can be seen from Table 0.1M, the JNR Gas pressure welding technique has the
highest fatigue properties followed by the exothermic weld properties. The flash-butt
welding technique yields the highest bending resistance followed by the JNR Gas
pressure welding. Flash-butt welding also vyields the highest impact resistance
followed by the JNR Gas pressure welding. Even though the exothermic welding
process is thought to be the best from a structural point of view the results yielded are
worse as compared to the other two techniques. Based on the information in Table
0.2M, it cab be concluded that flash-butt welding yields the best material properties as

compared to the other techniques (Stump, 1998).
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Figure 0.4M: Gap under straight and jointed rails.
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APPENDIX D: RAIL SPECIFICATIONS

D. 1 IDENTIFICATION OF RAIL TYPES FOR WELDING PURPOSES

Tabel 53.1: Rodl marks
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D.2 RAIL PROFILES
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APPENDIX E: FSW TECHNICAL PERFORMANCE

E.1 LOADING REQUIREMENTS FOR AVAILABLE MATERIALS

Table 0.1C: A summary of grain size in nugget zone of FSW aluminium alloys.

Material Plate Tool Rotation Transverse | Grain size
thickness | geometry | rate (rpm) | speed (micro
(mm) mm)

7075Al-T6 6.35 127 2-4

6061AI-T6 6.3 Cylindrical | 300-1000 | 90-150 10

Al-Li-Cu 7.6 9

7075Al- 6.35 Threaded, | 350,400 102, 152 3.8,7.5

T651 cylindrical

6063Al- 4 360 800-2450 |5.9-17.8

T4,T5

6013Al- 4 1400 400-450 10-15

T4,T6

1100Al 6 Cylindrical | 400 60 4

5054Al 6 6

1080AI-O 4 20

5083AI-O 6 4

2017AI-T6 3 Threaded, | 1250 60 9-10
cylindrical

2095Al 1.6 1000 126-252 1.6

Al-Cu-Mg- 4 850 75 5

Ag-T6

2024Al- 6 80 2-3

T351

7010Al- 6.35 180, 450 95 1.7,6

T7651

7050Al- 6.35 350 15 1-4

T651

Al-4Mg-1Zr | 10 Threaded, | 350 102 1.5
cylindrical

2024Al 6.35 Threaded, | 200-300 254 2.0-3.9
cylindrical

7475Al 6.35 2.2

5083Al 6.35 Threaded, | 400 254 6.0
cylindrical

2519AI-T87 | 25.4 275 101.6 2-12
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Table 0.2C: A summary of FSW of copper alloys.

Materials Plate Tool materials Rotation Transverse
thickness rate (rpm) | speed
(mm) (mm/min)
Pure copper | 3.0 Tool steel
Pure copper | 10-25 Sintered
tungsten-based
alloy
Pure copper | 10-50 High-temperature
materials with
specific geometry
design
Oxygen-free | 1.5-5.0 Sintered carbide | 375-1250 | 250-400
copper ISO K40UF (WC-
Co), Ni-based
superalloy
(Inconel 718), Cr-
Mo-V type hot
worl tool steel
Pure copper |4 1250 61
60/40 brass 2 250-1500 | 500-2000

Table 0.3C: FSW parameters and tool materials for FSW of steels.

Materials to | Plate Tool rotation | Tool Tool materials
be welded thickness rate (rpm) transverse
(mm) speed
(mm/min)

12% Cr steel | 12 240 -

Low carbon| 12,15 102 -

steel

AISI 1010 6.4 450-650 25-102 Mo and W-
based alloys

304L 3.2,6.4 300, 500 102 W alloy

304 6.0 550 78 Polycrystalline
cubic boron

304L, 316L 5,10 300-700 150, 180

Al 6XN 6.4,12.7 102 W alloy

HSLA-65 6.4, 12.7 400-450 99-120 W

DH-36 6.4 102-457 W alloy

C-Mn 6.4 Polycrystalline
cubic  boron
nitride
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Table 0.4C: FSW parameters and tool geometries for FSW of magnesium alloys and
resultant grain sizes in stirred zone.

Materials/plate | Tool Tool rotation | Tool traverse | Grain size in
thickness geometry rate (rpm) speed stirred zone
(mm) (mm/min) (micro
meters)

Cast AMSO0, | Plain 250-500 160-450
AMS0, AZ91/6 | threaded pin

or MX Triflute
Wrought Plain 250-500 160-450
AZ31/6.4 threaded pin

or MX Triflute
Thixomolded | Screw pin 880-1750 50-500 2-5
AZ91D/2
Wrought Simple tool 1250-2500 87-507 90
AZ31B-H24/4
Cast AZ91D/4 1098-3600 32-187 7-19
Thixomolded 800-2450 90-750 0.9-54
AMG60/2
Wrought Screw pin 800-1000 60 25
AZ31B/6.4
Thixomolded | Screw pin 2000 120 10-15
AMG60/2
Cast AZ91D/5 55
Wrought 1220 90 Less than 14
AZ61/6.3

Table 0.5C: FSW parameters

and tool materials for FSW

of aluminium matrix

composites.
Materials Plate Plate Tool Tool Tool
thickness thickness rotation transverse | materials
(mm) (mm) rate (rpm) | speed
(mm/min)
6092-SiC 17 102
6061-BC 15-30 114-138 H13  tool
steel
A339-SiC | 10 670 60 20-carbon
steel
6061- 20 650 60 20-Carbon
Al203 steel
6061- 10, 20 2,4 650 100-2500
Al203
7093-SiC 25 500-3000
7093-SiC 25 150

All figures in this section are adopted from The Falk Corporation, (2004)
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APPENDIX F: SELECTED COMPONENTS TECHNICAL SPECIFICATION

E.1 SELECTED MOTOR DIMENSIONS
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E.2 INDUCTION MOTOR TECHNICAL SPECIFICATION
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E.3 SELECTED ELECTRO-HYDRAULIC GEOMETRY
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E.4

PERFORMANCE

ACTUATORS

TABLE

Table 0.1F: Performance for electro-hydraulic

FOR

ELECTRO-HYDRAULIC

DEA RANGE - PERFORMANCE TABLE
Max
Model Max. Extend gMax. Retract] Max. Speed Motor Range
Thrust kgF Thrust kgF |Stroke mm , kW
mm/sec
139 300 250 6920 250 0.37
159 200 400 800 250 0.37-1.5
193 1500 1000 1200 250 037-22
219 2500 2000 1600 200 0.37-3.0
245 4000 3000 2500 200 0.55-5.5
273 5500 4000 3500 160 0.75-7.5
298 7000 2500 4000 140 0.75-7.5
368 10000 9000 2000 120 0.75-15
419 22500 16000 2000 120 22-18.5
508 40000 30000 2000 100 22-18.5
610 80000 60000 3000 20 2.2-30
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E.6 COUPLER SELECTION INFORMATION FROM THE

CORPORATION

Falk Steelflex Grid Couplings

A gerwral purpcan, lubsicoted design ot comitine the seanamy and high oo copeciy ol & gear caupling with the lomional Rasibelity
of om elastamar coupling, Backed by o S—pear ibrication werreniy, Folk Siealfar coulings requine no panedic mairenance when
lubricaied with Felk LT Leng Term Genose} of insaliation. Pecturing 25 uass, Seelias ooaglings oo o tesmedate omue koods of

2 000 [Wm| ond shoh dicresinn of 508 milimeiss.

A double Being, zlas-coupled
design for use is ke baaring

Pectures o horigomcily sple
cover which aliews for grid

Fioer use on line shab applcoions, Con
b waed in ploce of singls engogemens
e Covgdings i provide omecnol
euligney and krevar cremenl] pperoting

:burmnfwim-nbgwa cosl.

conniied sguip=ant fee 1mE )

(Goe Poge 14| Poges
Frpe TS0 Filetad

. . Proresn io be lar sugericr 1o

A double Besisg dasige oturing .

-mi:l:ﬂlnphu-dm.wl; ;i:ﬂmlru ht:l:;rrm i

ighar running speed. (Ses Poge 15, # ﬁwm:lﬂ mmﬂm.l 3
Type Téd Disc Broke

Complete cenler section dropa
oul or sasy sevice of cannecsad
aqpipment bearings ond seck.
Idmnl for poep opplestions,
(3on Fogas 18 & 17

Coesigreed dar cparafing speads bepond
Ihal?al the TIQ w-dr?'mm
Faaturas o evw-pisce cawnr ond boleeced
comperanis, (Ses Foge 33,

& wsanamical apacer design
for ey sarvica of connecied

equipsan begring: ord weals,
Hﬂkrpurrp:

|50 Poges 18 & 15.)

Uised primarily e connect the
ol an angire In the
driemn machinang b provides for
highat |oregus rafings with
resuliiceg amolber samy ond hower
coiti then alasomar

Prowides odjustoble sipping acficn 1o
protect connecied eduip=as kam
shock, jome, of Mmponrny cmrloods,
[Saves P 20 thiu 3T

Trpe T41, T42, Tdd & T45 Controlled Torgue

A mhndummm of bty
3| eonplings,
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economicol price and
shore lead fme San
TA1TAS cauplings.
35)

Dasdle paloted dasgn
ter gannecting
equipmant wham the
_d'nlmn babesan shat

Typn T3] Floating Shaft

Fromeices o baili-in brokiag sufacs rght ai ar
rasar tha cenberine of the cowpling . . . down
’ ipace ond dallors, [Ses Seaciion Gouida
431-310.)
4

Trpe BW Brokewhes!

WARNING| Mixing grid coupling components from different manufoecturers may couse premature
failure ond possible personal injury or properly damage from flying debris.
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Stoncdord Selection Method (sxcopt T41/T44 &T63)
thHMmﬂunhuﬁdbrmm

Type T43 Stafic (holding) Brake Applications
1. ﬂhbmhgmrnmmlumda mocudhunﬂlw

s
wwm o typa of aquipman 1o be connecied [mobor o
gruﬂp\. gear drive o convayer, alc)
H domaters

.

.

L] !hphod-:pmklﬂulm

& Spacial bore ar firish indoeretans and fype of 4t

he F 4
e column, o cansull pour locol Fal Represaniofive for
‘ossishance,
1. RATIMNG: Dabarmisa spsham torges. IF forgos i3 nol giess,
colbculnin o sherwn i
bW 2 GEET
pm
Whars kilowott (KW] is the ool or Ircnamibed powes equined
by th application {f unknomn, uis B malar o fdnne
navapkte nofing] and pm e, el dpesnd e counling i
mehutizg. Apphcofions uire reged chinges in dimschion or
tarqua mevariali shauid hrmuudraiul Enginsanng.
2. S.EI'H'ICEFAI‘HDI. Dtmrrins cpeeopriois seevics bocior feom
Table &, Pege 12
1. REQUIED MIMIMLIM COUPLING RATING: Dessrmine tha
requined Amimo® coupling raling a3 shomn below:
Mirimun Coupling Reting = 5.1 [Servics Focior 1 Torgue (M|
4. TYPE: Raler ia Paga & and selact tha nppropeiate covpling
Mg,

System Tomue (M =

5. SLIE: Turn to appropricle pages for the coupling type chesan
e ivace derwn the Soeges colume 4o o wolus ot is sguel e
greaier thon faf delermined in Stap J oboes, Tre coupling
siee is shown in the Gesd colomn,

&, CHECK: Check spesd (roe),. bore, gop, ond dirsnscns.

STAMDOARD SELECTION EXAMPLE:
Salect & couplisg fo conmed o 55 kw, 1500 rpm slecinic molor
elriwingy o hnka ype blower Motor shaft diometer i 60 mm,
Ibzwwnr shohl dismeier i 45 mm. Sholt estersions one 140 mm
and 110 mm. Seedion & replodng o gear fype coupling with o
3 mm gop.
1. DETERMINE REQILNRED RATIMG:

55 kW 1 9547

System Tomue ) = T 350 Mm

2. SERVICE FACTOR: From Toble 4 = .25
3, RECIUIRED MIMIMLUM COUPLIMNG RATIMNG:
1.25 2 350 Mrs = £38 Nm

A, SETE: Fram Paga 14 a Sia 10707 & the propar salecion
baiid an @ longua mhsg of 904 Nm ascesding tha requined
misamum eeuplisg sabng of L3I0 Mm. .

5. CHECK: Allvwoble speed copacay of il?:S-IIUJ‘ﬂT'ICI]
enceeds ihe nequired spesd of | 500 npm. Mosimam bors
eopecdy of 67 mm enzeads tha ociual shaf dometsn

& The Folt Cisparpbas, 2004

o 2o oy
muﬁnghupplmmb&dﬂhwhmlundﬂhdwﬂ
1o T powpling broke rating lised on Foge 31, L the
highast sagues volus toloslated to defarmine e cougling
i,

A, For moermal sardce oppl use tha apgplicotion fcrgua in
hm.

Treramined & 2 9545
pm

. For mpaiitien high peak load appli b T yaiem peok
tomus in Mm, [Repetiiva o an moes than 1000 Smes
during the sspecied coupling lile.)

7. CALIPER TORCILE BRAKE RATING: For the coupling sie
Mwuhquk-bmhmmmcmzrs
1o the holding rerqua requiraman ol e sppdicafion
ww&dﬂhnﬂlﬂrtﬁmmmbﬁlbﬂmm
twa Brmm tha halding iorgque respiremest Ror siofc
pﬁﬁmhmmhhmlm&w
rhatar gn the disc surloces, loss of coadition of the broke po
mﬂbﬁu,uﬂhu’mﬁdﬂnmmrrmﬂmhhﬁﬂ
obiity ol e colipar beakbe.

Cabpar brokes ond beole discs lifed om desigred prmarnily
lar g awdfor emangency broks opplicolions, MOFTE:
Chack brake sysiem ond lining wegr olisr s=argency vops

Thary can, hnnmulmhuwdiwwmm-rwnglqrﬂ]
ved coooionally, such o shutting down the squip=ant kar
# doy or bateean shis changes For ing high inaertia
sptesn o Tor opplicotions thal mques o

Atopping, consuk your loool Folk Represanigive.

3, CHECK: Chack mosmum bores, speeds, and dimasdion.

Type T43 Stopping Or Service Broke Applications

1. SIZE: The coupling broke mting mud squal & axceed tha
applcction mguesmanty, Dalermira the segquired ceuplng
i by comparing the applootion loads (fram %sape A, B and
 bakeew] o the cowpling broke rating lisied an Fage 28 Use
the highest tarmue wlus coloulaied to delermine e cousling
Sipy.

A For it seleched coliper broke and dic diometer e the
maamum beake torges in e

B For normal psrace u; win e i hafgua i
Hm,

Gywam Tomue [Mm] =

d 47
R T

L. Per rapeitiss high peak lood cpplicotions, use the wyales
puk'inrquhhlm [Paspaiiino iy dulined ot more daan 1000
fieras during tha sepecied coupling ile.)

2. CHECK: Check mammum bores, speedy, and dimensian.
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Service Factors

TABLE 4 — Flexible Coupling Service Factors for Motor * and Turbine Drives
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Cless Coupled/Dimensions — Millimeters
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APPENDIX G: PERSONAL/EMAIL COMMUNICATION

Fulufhels Masithulala Transnet Fnight Rail FTA

Fraem; Juslice Mgoaic  Transnet Freight Ral PTA

Sont: 02 Oeiober 3007 13:21

Ta: Fulufhsaks Mesihulala Transnat Freight Rail FTA
Subject: Track waling

Hi Fuu,

There's basically wo major types of welding dona on the track. e Flash bult walding - which is, in simplicity, tha fusing
of w0 rail ends at

wary high pressure and temperatere. And the second one is exothermic (aluminothermic) welding - (3 mixbure of
basically aluminium and on is igniled ina mold placad on top of tvo ral ands with

a dalinba milgup] - FeaGlion s mﬂmhﬂmmm tamparaiures are mat.

Wa alsa do skidmark repairs using the ano welding (electrode welding ) methad. The procedure fallowsd dapands an
the type of rail Le Cr-din or HH rail, The klest developmeant required fe use of

HH rasils throug haut our iracks 2o Fe procadune on Cr-Mn reils = enly veld whene (hase lype of rils still sdst We
have in e past conductad audits for spproval of thase welding elschrodes

w0 that the compositon of the alecirodes matches that of tha rail

Aftmched pls recieve our flash butt welding specification and & betish slandard regarding exolharmic welding. Pls nole
thaf the brilish standard is indended o give you the basic idea on

exatheemic walding. i is not ko be regarded &s tha technical procedure of exatharmic waldng within Transned Freight
R, Thermiine, @ compary that

supplins mast of our exothermic consumables as well as Echnical sKills on the sublect holds the spacification

acoording b my knowledge - writing under correction. The Rash bull welding specificalion
is alwo under review curenily, therefore certain things may change. Pls treal it as anly & guidedine.

Should you need clanty on anything alse, pls. do not hessaie o contact mae,
Eind megards,

Justics Hgcalo
Eneg. Teechnician (Melallungy)
Rail Technalogy Chesher
Transned Fraight Rail
Koedoeapoort
TRETORIA, REA

Ciffica. 012 842 G245
Faoe (F12 B42 G235

Lﬁﬁh_m%ﬂmm%mmmﬁ;p gﬂﬂﬂéﬂ?ﬁ& ...... . m

Spec 51T Spec 5170 Spa 5170 Spee 5170 Spe 5170 Spec 5100 05 EN 14730-1. pat
partidoe {713 KB) pait2.doc {115 KE) gartl doc (L34 KE] pantd.doc (116 KB} partd.doc (109 KB) partS.doc (108 8] (560 KB)
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APPENDIX H: ENGINEERING GRAPHS FOR DESIGN
CALCULATIONS
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Figure 0.1N: Shaft with fillet (a) bending; (b) axial load; (c) torsion
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Figure 0.2N: Notch sensitivity curves.
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Size
[CRECH
W.073)
2.086)
3 L)
4.112)
X.115)
B 138)
L ]

1. 1%

11X 216

e -

B R
==

B3 bd b
e e

Table 0.2N: Basic dimensions of united screw thread.

Major
Diameter
o (i)
[ENRLC]
Q.07
DUORED
[FXE ]

L1120
L1250
1380
L1840
0 1900
0L.2160

L2300}
03125
{.3750
04375
(.50

0.5625
0.6250
0,754
08750

10400
LI23D
12500
LATE0
JELE
17500
20000
12500
15000
LT

3000
L.IHM
350060
1T500
4 Ny

Coarse Threads—UNC Fine Threads—LINF
Minor Mlinor
Diiameter Tensile Diametor Temsile
of External Stress of Externcal Stress
Theemds Thrend Area Threuds Thread Aren
per Inch o (i) Ay fim) per Inch e (i} Ay lin®)
= — — Ay L0447 (LN 8D
ad (LG 38 0,0026% Ta 0,0560 00278
56 IEEE (0,08370 = 00,0068 (00
45 L0734 (1L004RT k] 0077 (S
a0 LT (000604 43 0,086 IL00GE]
an 00943 00075 44 0.0971 (L0830
32 Q0T L0 Al 0073 nes
£ 28T [RELT B b 0,120 01474
24 01389 00075 b 01517 10,0200
24 LIS E ] 00242 28 01723 00354
20 0 16ET 00318 28 0.2063 10,0364
18 02443 00524 M 02614 00580
16 00,2953 00773 4 .32 0.0878
14 0 1490 01063 20 03762 01187
13 (4 (b 141% i (4387 0. 1559
12 [AEETES ih1K2 15 4043 0,M13
I 05135 0.226 1] 5568 0,256
10 06273 L334 [17] 06733 0.373
9 0.7357 0L.462 14 (LTE74 0,50
] IEEr (1606 12 (L8075 01,663
7 115497 (1. 763 12 10238 LEEG
7 10747 0,969 12 11478 1073
1] 11705 1,155 12 1.2728 1315
o] 1.2955 1,405 12 13978 1581
§ 15046 1.5
a4 17274 250
a4 19774 325
4 21933 4.00
4 24433 4,93
4 26933 597
4 29433 T.10
4 31933 813
4 34433 .66
4 16933 11.0e

Moe: See AMNS] stundar] B 11974 for fulll details. Unified thrends are specified ns !. =] IUNCS L =1 ZUNE™
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Efficiency, v (%)
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Figure 0.3N: Efficiency of acme screw threads when collar friction | negligible.

Table 0.3N: Specifications for steel used in inch series screws and bolts.

SAE
Grade

P =

an

Core

Proof Reduction Hardness

Laoad Yield Tensile Elongation, of Area, Rockwell

Diameter iStrengthy®  Strengih® Stremgth Minimum Minimum —————
o (in.) 5, (ksi) 5, (ksi) 8, (ksi) (%} %) Min M
11l 33 M il 1% 33 B70 B
4 thru 55 57 74 13 35 il i
Over 310 14 33 6 y 13 35 R0 B
§ thru 1 43 02 120 14 a5 C25 c
Over 1o 1} T4 Bl 105 14 35 Cl9 C
1thm 1 as 92 120 14 15 C26 C
$thm 14 103 115 133 12 33 C18 C
fthm 1l 120 130 1501 12 s €33 C
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Table 0.4N: Specifications for steel used in milimeter series screws and bolts.

Core
Prool Reduction  Hardness,
Load Yield Tensile Elongativn, of Aren, Rockwell
Diameter  (Strength)” th" Strength Minimom — Minimom —————

SAE Class d (mm) &, (MPa) 8, (MPa) 8, (MPa) (%) (%) Min Max
4.6 5 thru 36 el 240 A0 22 s B&T BaT
48 1.6 thru 16 Ao - 420 — — B71 Ba?
58 5 then 24 380 — 520 — —_ BE2 BYS
RE 17 thrm 36 &00 GG 830 12 35 (L] CH
0E 1.6 thru 16 L3 — L E] — — ci7 C3a
109 6 thrs 36 a0 L] 10800 a as £33 39
129 1.6 thru 36 70 1106 1220 ] 35 C38 C44

“Prowod lnad (srength) comesponds o the axially applied koad that the screw or bolt must withsiand withoat permanent set
" ¥ield strengih corresponds o 0.2 percemt offset messured on meching e specimens,
Sowerce; Society of Automotive Engineers standard 1115989 (1970,

Wire digmater in.)

0004 0008 020 0,040 0,06 0,500 0.400 0.800
] | i | | | | J
|| ae
3000
H ac
3 2500 e j |
= ASTMAZ13 M| ASTM AZ28 music wire [cokd-driwn steel)
£ s ':HCIJ_? |
: L i {eo
2000 b
% e L TR
§ ASTM mv*f;' S e e 25
z & ) e R . B R
2 ! ASTM AZ30 iy -
£ 1500 [bil-lempated casman stist) | ._____!'""‘ M e
: LI e SR 3! ot 1
k .| ASTM K230
3 i L L = -
E ™ Incomel alkry K- 7540 [3pring lemper) P~ toll-tampered carbon sleel)
c ? = { i T e H 15¢
2 1000 e - ASTM AZZ7
r,f | | |
AETH B154 "‘}- {cold-drawn carban steel)
{phesphor Bronzal : -
ASTM A313 u LI
(302 stainless steal]
B0 s :
M 50
D o
1 ] i 4 567891 7 3 4 E & 7891 2 3 4 667801
0,10 1.0 100 1000

Figure 0.4N: Tensile strengths of various spring wire materials and diameters,

minimum.
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A- end plates are constrained paralhel
{(huckling pattern as in Fig. 5.27)

B- ore end plate is free to tip
{buckling pattern &s in Fig. 5.278 )

Figure 0.5N: Buckling conditions for helical compression springs.

All figures and tables in this section are adopted from Juvinal and Mershak, (2006).
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