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Abstract

Bogie springs are critical safety compondrgsaus they are responsible for the safe operation
of railway vehiclesTheyare also responsible for providirgjlway vehicles with smooth rides

and stabilityby acting as shock absorbebganing load andcontroling motion. However,
frequentmaintenance interventisrowing to premature spring failuresult in derailments,
logistical disruptions, and financial loss. The aim of this stisd provide a solution to
premature spring failurand material scarcityn South Africa To address tfse problens, a
system thinking approach was used which existing failures were studied from the
perspective ospringdesign andnaterial. Additionally, the study investigated spring design
using finite element analysis and developed tolerances to @peidtional defects and failures.
The study also investigated the fundamental causes of premature spring failurenewla
designedpringthatwas supposed to fit onracently purchasedcomotive The causgof the
premature spring failuraserefound to be design related and were linked to an inadequate heat
treatment proces3 he pitch angle contributed springcoil contact, resulting in notches that
accelerated fatigue crack initiation afatiguefailure, while quench cracks formed as a result

of deteriorating quenching oilherefore the pitch angle had to be carefully considered to
avoid coil contactluring loading and unloading of the springsdthe quenching oil had to be
monitored taensurethatit did not lose itsoolingcapabilities over timelhe material used for

the springs washe Society of AutomotiveEngineers5160 spring steel, which the original
equipment manufacturer recommend@dt because the local steel mill was unablgéoerate
enough orders to keep the production line going, the availabilttyegécommended material
became a concerrAdditionally, the government enacteal local content legislation to
encourage the locahtion of skills and technologywhich are noteasily available in the
country, and steel was deemed a local commodity by the Department of Trade, Industry, and
Competition.As a resultaternative materialsthat can bausedas a replacemeritad to be
found This presentedhe opportunity to researditernative spring steel grades and optimise
heat treatmerrocessefo manufacture bogie springs that are suitable for the existing design
and configurationA unique heat treatment was deployed by considering various quenching
oils with different coolilg rates that affedhe steelgradesdifferently. Quenchingoils were
alsochosen based on tlkempositions of the different steel gradesavoid quench cracking,

as well as quenching oils with the ability to produce desirable mechanical properties and

microstructures. The exact critical transformation temperatures and oxidation rates along with



the optimumsoaking time antempering tempeature werealsodetermined and measured for

eachsteel grade.
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Chapter 1

1.1 INTRODUCTION

Rail transpomtionis the most costffective method of freight transportation around the globe
due to its largearrying capacityand speedlzadi, Nabipour, and Titidezh, 2023jowever,

the premature failure dhespringsused on railway vehiclegsulsin catastropit derailments

of rolling stock, unnecessary delays, and an increase in operational costs, wiittrelyeg
impact the economi{Ling et al, 2017) This study investigated the factors that resulted in a

series of premature spring failures on railway bogieSouth Africa.

A bogie is a framework of axles and wheels fitted underneath a railway vehicle and is classified
as either a twaxle or threeaxle bogie which are most commonly used in modern
locomotives. A locomotive configured with twaxle bogiesis referred to as a B8O
locomotive and consists of two bogies with two independently powered axles and four wheels
per bogie, as shown Figurel.1. A locomotive configured with threaxle bogies is referred

to as a CACO locomotive and consists of two bogies with three independently powered axles
and six wheels per bogie (Navestral, 2014).

oy
-+

2500

Figurel.1 Side view of a tweaxle bogie used on a BBO locomotive(Sayyaadi and Shokouhi, 2009)

Each axle is assembled with fasgts ofdual spring, with two sets sandwiching the axle at
each wheel. A duapring consists of an inner and an outer spring. The spring shdwiguire

1.2 is classified as dual helical compression sprifigiu, Liu, and Liu, 2010).



Figure1.2 A brand new dual helical compression spring used on a 22E locomotive.

Springs are elastic objects that are designed to obtain properties that allow for compression
when a load is applied and to return to their original shape when the load is released
(Fragoudakis, Karditsas, and Savaidis, 20Léganathan, 2019Kobelev, 2020 The
functionality of railway vehicles is dependent on the capability of the springs to absorb, store,
and release elastic enerf@e Crescenzo and Salvini, 2Q19arious railway vehicles such as
locomotives, railroad cars, and wagons use different kinds ofremsipn springs due to their

constant deformation rate when external loads are apMistira and Aggarwal, 2020)

Compression springs, also known as helical compression sprirgsl @prings,were first
developed in the 18th century. They are mafdleigh tensile strength steeldsformed into a

helical coil contour followed by a robust heat treatment prof&lsglin et al, 2013) The

function of a compression spring is to provide resistance to a force that causes two components
to move toward®ach other, as well as to provide rolling stock with comfort and dynamic
stability by absorbing shock and vibrations during movem@&atek et al, 2013) Helical
compressiorsprings are specifically used to suspend the payload and unsprung rtass of

rolling stock



It is critical that locomotives and bogies are equipped with springs capable of supporting them.
Locomotive weight and bogie design are therefore taken intodmmasion when designing
helical compressiobogiesprings, i.e. some bogies require dual helical compression springs,
while others require multiple springs stacked in sequence. However, complexities arise from
the fact that these springs are manufactussdgudifferent designs in terms of rod diameter,

coil diameter, free length, and solid length, etc., as well as different materials.
1.1.1 Background

Organisation Ais the name given ta South African freight rail operatevho entered into a
joint venture cdhboration with an international original equipment manufacturer (OEM) to
locally design, manufacture, and assembiewlocomotive Organisation A depended on the
OEM as it did not have any experience in building locomotidesther of these companies
can be named as they arethinvolved in litigation. The spring manufacturing for the new
locomotive was carried out Blant A, which is a manufacturing subsidiary of Organisation A
and wished to remain anonymous. Hesvly designedbogiesprings manufactired inPlant A

revealed manufacturingefects which were predominately observexthe new locomotive.

The locomotive is electripowered and carries a maximum load of 22 tons per &xbe.
average, the springs onlegacy locomotivehave a lifespan of over 25 years, depending on
their usageThebogie springs manufactured for the new locomotared prematurelywhile

in serviceandonly survived a maximum of 120 km over a periocaohonths. Following a
series of failures, the mafacturing process waaltered,and nine sets of springs were
subjected to fatigue testing with a target of 2 R dyxles. All nine sets of springs failed to

successfully complete the test.

It is worth mentioning that time maintenance is practiced inttfSédrica as opposed to
conditionbased maintenance in other areas of the world. The best way to extend the lifespan
of bogiesprings is to preserve them from corrosion, whidglh ensure a long fatigue lifét is

also importantto generate the necessameasurements and criteria for reliable testing
(Logarathan, 2019)Additionally, the reason for the failure of the original springs must be

determined so that the material characterigtie$ spring desigoan be addressed.



1.1.2 Problem statement

Currently, theoriginal bogie springs are manufactured from locally produced Society of
Automotive Engineers (SAE) 5160 spring stgdeket al, 2013) However the spring shop

is not buying enough quantities of spring steel to sustain the continuous prodtittisisteel

grade Therefore, the local steel producer has been encouraging the spring shop to develop
springs from alternative materials to manage the risk of current material scdiogy.
equivalenmaterial used for the springscurrently manufactured abrobdtthe South African
government passed a localisation legislation for parastatals to favour local manufaiturers,

effect, preventing them from buying designated stesmfoutside the country

Under the Preferential Procurement Policy FrameworKREePFA), 2000 (Act No. 5 of 20Q0)

the National Industrial Participation Programmaad the Competitive Supplier Development
Programme South Africa has leveraged public procurement by designgtinducts and
sectors for local conteifCromptonet al, 2017). Local content designations for locomotives
were added to the PPPFA section 9.1 designations in July 28X2result, the local supply

of springs and other locomotive components had to be developed from a commercial and
technical perspectivelhis research considered developing springs from locally produced
springsteel However,because SAE 5166pringsteel is no longer popular for bogie springs

and the market in general, alternative materialsng with the appropriate heat treatment
processmust be found.

1.1.3 Scope

Due to higher train speed and freight tonnages, the accuracy and reliability requirements of
bogie springs have significantly increased in recent y#assthereforenecessary to develop
bogie springs with improved properties and longervice life Hence, his study was
conducted toefinethe mechanical properties gifring steebnd the manufacturing process of
bogie springs This will be done byre-evaluating spring design,focusing onmaterial
composition, anaptimising the heat treatment process well asnvestigating the influence

of quenching media on the mechanical propertiegpaohg steel

Additionally, improvedproperties angrolongedservice lifeof bogie springsvill be achieved
by optimising the heat treatment process based onrialagpecific characteristics. The
materials investigated in this study are high silicon spring steel-dtighgth lowalloy
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(HSLA) spring steel, and higstrength spring steel alloyed with molybdenum and vanadium.
The dimensions of the spring steel sambnsidered are 25 mm in diamet@he critical
transformation parameters for the alternative geslesand the atmospheric reaction on the
steel surfaces during heat treatment are currently unavailatble literature. The attainment
and addition of this information will further enhance the lifespan of bogie s@mythe body

of knowledge with the literature

Priority was given to improvinghe strength of spring steel, while preservitagctility,
tougmess, and fatigue propertieshis can be done by developing alloy elements and
optimising the heat treatment process (Podgoeniél, 2015). The ultimate tensile strength
(UTS) of the spring steel also had to be increased without compromising duatility
microstructural aspects to improve the fatigue life of the springs. Manufacturing processes such
as alloying and hardergrhad to be modified to cater for the current requirements of extended
spring lifespan(Fedin and Borts, 2009}urthermore, alterative quenching media was
investigated to reduce the possibilities of manufacturétgted defects such as quench csack

and stress corrosion cracking

A detailed investigation of the manufacturing process of bogie springs is included in the study
and largely covers the heat treatment proceshich involves hightemperature coiling,
normalising, reaustenitisation, quenching, and temperifRpkhshtadt, 1991)The heat
treatment process is intended to induce sufficient mechanical properties okspeirthat will
ensure a predictably long service life for the sprifhgs et al, 2010) The optimisation thereof

will also increase the fatigue properties and overall performance dotlie springs. This
research, therefore, focuses on taftmakingand optimising the heat treatment process for the
alternative spring steel grades by remodelling the combination of the coiling, quenching, and
tempering temperature§.he heat treatment process was undertaken within a laboratory

environment.

The study further explores the characteristics of helical compression bogie springs and
compilesthe information to accurately calculate and desiggm Additionally, the effect of
geometrical spring design on fatigue life ivestigatel. The studyalso includes failure
analysis case studies, finite element analysis (FEA), as well as mathematical and numerical
illustrations. Failure analysis can be used as a tool to determine the structural integrity of a

spring and to ensure future improvement in springgiheand material quality. FEA was used
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to reevaluate the structural assessment of the ndegygned bogie springs to determine

structural integrity, as well as to redesign the geometric and structural aspects of the springs.
1.1.4 Aims

The primary aim of thisesearch is to develop and manufacturedodlehelical compression
bogiesprings from alternative locapringsteelgradeghatare more resistant to defects for an
optimum combination of performance and resistance. The secondanf #ims studyis to
improve the fatigue life of thbogiesprings through heat treatment. To certify the springs, a
fatigue test of 2 x 10cycles was performed. The study further aims to gather data to fill the
current research gap in the body of knowledge relevant adigtd. In summary this study
aims to produce affordableogie springs with excellent mechanical properties and quality

using alocal material that is widely available.
1.1.5 Objectives

The objectives of this research &oe

1 Select alternativdocal materials that are less prone to manufactufiags, such as
guench crackand consequently, prodeisuperior spring properties.
Improvematerialproperties by optimising the soaking time and tempering temperature.
Evaluate the effect dhepitch angleon the fatigue strength of thegiesprings.
Evaluate the effect ofthe cooling ratesof the deterioratedjuenching oilon the
transformation behaviour diie original materi&(SEA 5160 spring steel)

1 Determine the exact critical transformation tempeestuand decarburisation and
oxidation rates of the three selected spring steel grades.

1 Determine the thermomechanical properties of the three selected spring steel grades.
1.1.6 Research guestions

The sudden development of microcracking in bogie springs during the manufacturing process
has resulted in lifespan reduction of springs manufactured from SAESptB@ steel. The
improvements in the lifespan will reduce the lifecycle cost of rollingkstdberefore, the
research questions are outlined as:

1 Can the alternative material be optimised to provide the mechanical properties required

for an optimum combination of strengfferformanceand resistancef the springs?



1.1.7

Can the spring performancedilifespan be improved by optimising the heat treatment
process?

Can the deterioration of quenching media cabtsajuench cradkg observed in the
original spring that faile®

How can this study contribute to filling the existikigowledgegap regardingpecific

steel grade propertiésr the manufacturing of durablegiesprings?

Hypotheses

To improve the performance and lifespan of bogie springs, the following hypotheses are made:

l

1.1.8

HO1: The strength of spring steel can be increased by optimisingeétteéraatment
procesghrough the quenching media selection, tempering temperatures, and soaking
times.

HO2: Selecting the quenching media for the spesifiing steel grade based on the
critical transformation temperatures can achieve the desired mimose and
mechanical properties without causing quench cracks.

HO3: The exact thermal characteristics such as the critical transformation temperatures,
tempering temperatusesoaking tims, and oxidation and decarburisation raiesach

steelgrade influence the attainable strength and fatigue life of the spring

Research framework

To be able to address the research questions, a research framework was put in place:

1
1

Chapter 1 gives a brief introduction and review of bogie springshaichpgdication.
Chapter 2 covers the literature review of the manufacturing procdsxmmsprings.

This theoretical background consists of different fields suctmesnetallography of
high-strength spring steel and thguctural design, manufacturirgndheat treatment
processe®f bogie springsVarious scientific articles, books, and dissertations were
studied to create a theoretical foundation for this research.

Chapter 3ncludesthe methodology and experimental procedures. The heat treatment
processdilatometric testing, smart quench testing, differential scanning calorimetry
(DSC) analysis, and characterisation techniques are also outlined.

Chapter 4 focuses on a case study of prominent failure mechanisms of bogie springs,
which was done bynvestigating the entire manufacturing process. The chapter also

considers the design of dual springs and the effect of the pitch angle on the fatigue life
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of thesprings. The design assessment was done using mathematical demonstrations and
FEA. This chapteralso includesthe experimental results, which are presented in a

theme format.
1 Chapter 5 presesthediscussion of the results

1 Chapter 6 covers the overall conclusions based on the experimental results.



Chapter 2: Literature

2.1 LITERATURE REVIEW

The safe operation of railway vehicles has been a priority and concern for engineers worldwide
(Eom, Kang, and Lee, 2013j the last century, efforts have been made to manufacture high
performance defedtee springs with increased lifespan and load capacity. In order to do so, a
more indepth knowledge of the material selection pnofduction of bogie springs needed.
Therefore, the literature review focuses on the uses, materials, design, and manufacturing of

bogie springs, as well as thesarvice performance of railway vehicles.

Additionally, the literature review pays close attention to historical spring faililvesrystal
structures and mechanical properties of spring steel, as well as the chemical compbsition
spring steetluring microstructure transformation. The effect of heat treatment conditions are
also scrutinised and the roles of austenitisation @ngpéring temperature in improving
material properties are inspected and discussed, as well as the role of quenching media in
relation to the material. The quenching media cooling rates and decarburisation and oxidation
rates of each steel grade are algol@ed. Furthermore, the effect of silicon on the properties

of alternative higksilicon spring steel are investigated, along with the role of molybdenum and

vanadium. The literature review also emphasises evaluation and testing methods.
2.1.1 Premature spring failure

Bogie springs are mechanically coiled steel rods that store and release (&tédgyet al.,
2013)andare criticalsafety componentsf the structural systemf railway vehicleqJi-Lin

and KaiHong, 2013) Theyare responsible for the safperation of railway vehicles arate
essential for keeping railway fleets on traak well as foensuring smooth rides by absorbing
shock and vibrations during movementtbé \ehicles(Baeket al.,2013) However, bogie
springs can result in catagphic failures if they malfunction. The premature failure of bogie
springs has been a nightmare for engineers and scientists since the beginning of railway
transportation and has been investigated by many resedichaisopadhyayet al.,1997; Das

et al., 2007a; Zhuet al., 2014b) Prawotoet al. (2008) stated that springs fail due to
metallurgical factors related to heat treatment, wibdset al.(2007b)argued that it is rare for

springs to fail due to faulty design.



FurthermoreKumbhalkar,Yenarkar, and Grover (201igund that the main cause of failure

was due to the lack of lateral dumping on the curdeslitionally, the structural integrity of
springs is often neglected during the failure investigation as it is assumed that me#dllurgi
and manufacturing factors are the main source of fgjlba&hore and Bissa, 2013)herefore,

the purpose of this study is to investigate the primary causes of spring failures that are not
properly covered and to evaluate the manufacturing pro¢egsiongs. The springs that were
involved in the failure investigation were manufactured from high stiffness SAE J404 grade
5160 spring steel. The quenched and tempered SAEgI4045160 spring steel exhibited

high UTS, highyield strength, and a high @arance limit (BS EN 10089, 2002).

Although most spring failures are a result of manufacturatated flaws, there are several
mechanisms that also cause failure, most of which occur due to multifaceted stress distribution.
These failure mechanisms ranigom design, raw material defects, manufacturing defects, and
loading conditions, i.e. insufficient loadhrrying capacityPyttel et al., 2014; Vukelic and

Brcic, 2016) Generally, springs are designed to withstand cyclic loading during themkfeti
However, spring failure usually progresses with fatigue cracking due to cyclic loading and
unloading(Daudpotoet al.,2021)

There arealso external factors that determine lifespan such as corrosion and mechanical
damagegArtaraz and Sanchez Bigif 1991) Therefore, it is important to increate fatigue
endurancef bogie springso improve the lifespan and reduce logistical disruptions. This can

be done by optimising the heat treatment process and improving the mechanical properties of
bogie springs. The service records of the bogie springs in South Africa indicate that they
generally last fom period of 25 years, operating in similar conditions as those of the failed
springs. Some of the failure mechanisms observed in South Africa over the years are
undesirable microstructures, hydrogen embrittlement, temper embrittlement, and quench

crackingcaused by inadequate heat treatnf®htkwevho, 2016)

Other problems that occur imogie springs are caused by corrosion, low fatigue life, and
stiffness. Inclusions and surface roughness of the spring steel are also importardisgess
(Vukelic and Brcic, 2016) Additionally, stress corrosion cracking (SCC) has been causing
significant service disruptions across the world as it leads to sudden failtlre sgrings
(Spisak and Szavai, 2019CC is a term used to describesgrvicerelated &ilures of material

due to crack propagation caused by corrosive environments and external and residual stresses
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(Nasirpouri, Alizadeh, and Hosseingholizadeh, 2080C occurs when susceptible materials
continuously experience mechanical load and aeb#mical corrosion due tdhe
environmen{Khalifeh, 2019)

The rate of SCC is influenced by the composition, microstructure, and strength oftatiolys
2001)and is predominant in lowarbon steel¢Prakash, Hara, and Malik, 1999Jhe exact
nature of this phenomenon has not been thoroughly explored irstigigth spring steels.
Material selection can be considered to decrease SCC developrhergfofe, lhis study
investigates materiapecific susceptibility of the three spring steel gra&&C as a function

of load and time is shown igure2.1.
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Figure2.1 Typical time to failure as a function of loé8arkins, 1992)

2.1.2 Prolonging spring lifespan

Recent global economic growth had te increased railway freight demands and consequently,
increased railway traffi(Rashid Kharet al.,2018) A solution to reducing railway traffic is to
increase the speed and payload of railway vehi@\es/eenet al., 2014) Therefore, the
reliability of heavyduty springs must be improved to safely operate heavy haul trains. Helical
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compression springs are commonly used as hdaty springs on railway bogies (Matjeke
al., 2018).

Due to the inaccessibility of the springs, there is no way of detecting premature failure, which
can result in catastrophic calamities and derailmglutshiet al.,2015) For this reason, it is
important that bogie springs are designed for an infifiégpan, along with increased capacity
and improved productivity. Strength, therefore, becomes significantly imp¢Ahntet al.,

2020) A study byPanget al.,(2013)showed the relationship between the fatigue strength and
UTS of steel, as illussited inFigure 2.2. The figure shows that fatigue strength generally

increases when UTS increases.
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Figure2.2 The relationship between the tensile strength and fatigue strength dPstegét al.,2013)

Heavyduty helical compression springs experience a combination of tension, compression,
and torsion irservice. They also endure-service stresses, i.e. cyclic stress, axial stress, and
torsional stress, which directly affect their lifespan. The stsemseshown in Equatio2sl to

2.4, where"Y and"Y  multiplied by the UTS are the estimated fatigue limits at a
thousand and million cycles, respectively. The fatigue limit, or endurance limit, of steel is
largely dependent on the UTBrahim AlZuhairiet al.,2020) A schematic of a SICurve is
plotted inFigure2.3, using Equation2.1 and2.2.
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Prolonged lifespan and improved performance are functions of strength and ductility (Matjeke
et al.,2018). Increasing the strength of the steel is simple, however, it is difficult to obtain a
combination of both high strength and ductility, as the inergathe former generally results

in a decrease of the lati@i et al.,2016) Alloying elements can be used to improvise for both,
but the cost of alloyed steel is highodgorniket al.,2015. Therefore, the material selection

and manufacturing pcess must be optimised in such a way that the steel will exhibit excellent
strength and ductility with minimal alloying elements. An exact understanding of material
behaviour and the heat treatment process is required for the manufacturing etiligavy

springs, as both directly influence lifesp@fragoudakis, Savaidis, and Michailidis, 2017)

Heat treatment affects the strength and fatigue limit of sp(idgbit et al.,2016)and alters

the strength and microstructure of material. Additionallg,iBhaviour of each steel grade can
deteriorate the mechanical properties of spriiManuel and Cerda, 2017)5Cr3, 54SiCr6,

and 52CrMoV4 were selected as spring steel according to the BS EN 10089:2002 standard and
were used in this study. The BS END89:2002 standard relies on hardness and strength in the
determination of suitable materials for springs (BS EN 10089, 2002). The three materials are

classified as alloy steels; however, the compositions vary significantly.
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The charging fees of the rawaterials are worth noting: 55Cr3 and 52CrMoV4 cost 922 US
dollars per ton and 54SiCr6 costs 953 US dollars per ton. The main cost driver for 54SiCr6 is
the amount of silicon and vanadium present. The strength and hardenability of 52CrMoV4 steel
is improvedby the additions of chromium, molybdenum, and vanadium. Chromium and
vanadium form carbides that improve the hardness of the material during tempering, while
molybdenum forms fine carbide precipitates that increase the strain hardenind\éffett

and zhedanov, 2010)Molybdenum also provides solution strengthening in steel during the
heat treatmentKostryzhevet al.,2018)

Vanadium improves the hardness and strength of HSLA steel by the formation of vanadium
carbides and grain refinement (Kann2@11), while silicon improves the hardenability of steel

by shifting thecontinuous cooling transformatio@CT) curve tothe right (Frazier, Boulger,

and Lorig, 1956)Silicon is often added as a deoxidiser and retards carbide formation to form
cemenite (Ardehali Baraniet al., 2006). However, although silicenich spring steels are
popular in the railway industry, they often suffer from decarburisgtm, Yao, and Hui,
2008) To meet the objective of increased spring lifespan and performago®dabalance

between strength and ductility are focused on in this study.

Salihu (2016)presented a range of mechanical properties of advanceestnggiyth steels
(AHSS) shown inFigure 2.4. According to the categorisation illustrated in the figure, the
current spring steel properties fall within the seegederation category. The objective of this
study is to achieve strength and ductiléguivalent to or exceeding the thigdneration

category.

This study aimed to attain high strength and good ductility by subjecting the material to a robust
heat treatment process and quench media. The investigation specifically focused on the heat
treatrment process, quenching oil analysis, mechanical properties, and microstructure of the
steels. The study further investigated whether conventional automotive spring steels can
achieve and exceed the mechanical properties attained by AHSS. The majortonuftaue

springs are made from mediurarbon highkstrength steels.
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Figure2.4 Global AHSS(Salihu, 2016)

2.1.3 Spring material

2.1.3.1 Steel andsteel composition

Steel is the most widely used form of metal due to its extensive application (Totten, 2006).
Steelcommonly refers to the various alloys of iron, which differ by processing methods and
elemental concentratioii€ain, 1984) The advantage of steel in coanfson to other metals is

its ductility, high strength, low cost, versatility, and ability to be recycled although it has

relatively high density. Generally, steel is defined by the amount of carbon it coi@aims

and Haasen, 19967 herefore, differet types of steel exist, two of which are alloy steel and

carbon steel.

Carbon steel can be classified into plaarbon steel, mediwmarbon steel, and higtarbon
steel (Totten, 2006Y.he optimisation of the mechanical properties of spring steepsnaient
on the steel compositioRigure2.5 shows the different spring classificatiotislsohighlights
the spring steel composition investigated in this study, which is classified as nreatioom

steel. Spring steel has an averageon percentage of 0.55%.
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Carbonsteels

Low-carbon steels
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Medium-carbon steels
(% C 0.30.5)

High-carbon steels
(% C >0.5)

Figure2.5 Steel types and classificatiofotten, 2006)

Before discussing the alloying elements of steel, continuous CCT andetimperature

transformation (TTT) must be discussed. Various steels behave differently during

manufacturing and heat treatment meses. For example, rapid cooling to low temperatures

| eads

t o

significant changes i n t hEhowwtaecel 6s

et al., 2010) which can have one or more phases, agstenite, cementite, and ferrite

(Smallman andishop 1999) The reason for this is that the microstructural instability of the

steel alloys with an austenite phase (FCC mafriBar b ac k i and. Mi kogaj ski

CCT and TTT diagrams are effective in accurately predicting the mechanical propedties a

microstructures of various steel grades. Each steel grade has its own CC{Z@asBl@ahimi

and Krauss, 1984 )which is largely influenced by the chemical composition of the alloying

elements I{ingamanaik and Chen, 201Ravi Kumaret al., 2000) Failure to adhere to the

CCT diagrams of various steel grades may result in deficient microstructures and cracking due

to inadequate heateatment Figure 2.6 shows the transformation range and CCT curves of
SAE 5160 spring steel.
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Figure2.6 The CCT curve of SAE 5160 spring ste&iteel data, 2020).

The combination of various alloying elements can increase the hardenability and toughness of
steel, as well as diminish the chances afrggrowth. The most important alloying element in
spring steel production is carb@hotten, 2006)which ranges from approximately 0.008% to
2.0%, as shown iRigure2.7.

The increase in carbon improves the hardenability and strength of steel but also increases the
possibility of cracking during processing, while reducing weldabffgrter and Easterling,

1992) Hardenability is largely dependent on the solubility & tdarbon atoms within the
austenitic rang€Manna, 2012) The steels that are considered for experimentation in this
research have a carbon percentage ranging from 0.5% to 0.6%. These types of steels are
regarded as adaptable higarbon spring stee(3 otten, 2006)As mentioned, the three spring

steel grades focused on in this study are HSLA steel, high silicon steel, arsdrbigith steel

alloyed with molybdenum and vanadium.
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Figure2.7 Fe-Fe3C plase diagranfPandit, 2011)

Although carbon is the most important element in spring steel, other alloying elements are
deliberately added to improve the mechanical properties and characteristics of the steel. Some
of these elements include chromium, manese, ansilicon. Liu et al.(2012)also confirmed

that enhanced properties in steel may be achieved by alloying with céolidag elements

such as chromium, molybdenum, tungsten, and vanadium. These elements encourage the
formation of stable martensite, as well as influence the maeestart (Ms) temperature and
solubility equilibrium temperature of the phagBegedHill, 1973). In this case, the spring steel

is hardened simultaneously by the martensitic transformation, followed by tempering, and

therefore retains both elongatiordastrength.

Chromium is the most common alloying element of all the selected alloys and improves
resistance to corrosion, as well as the hardness and strength of steel. Chromium is also a carbide
former, which may reduce the ductility of stéal/ner, 198). Manganese is beneficial to the
surface quality of all carbon rang@tten, 2006 andcounteracts brittleness from sulphur and
temper embrittlement; improves abrasion resistance, age hardening, hardenability, and hot and
creep strength; and lastlyaises the grain coarsening temperature of austenite. Manganese
tends to lower the eutectoid temperature, while chromium, molybdenum, and silicon are

inclined to raise it. This is illustrated Figure2.8 by Porter and Easterling1992)
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Figure2.8 The effect of alloying elements on eutectoid temperaiwaer, 1998)

Silicon typically improves the oxidation resistanc€Chatterjee, 2006)It also improves
hardenability and remains so even after tempering, as well as offers good tensile test properties
and toughness when added in appropriate proportGlebovet al.,2010) Silicon dissolves

into ferrite and is a ferrite stabiliser and further suppresses cementite precipitates from

austenite.

It is worth noting that silicon is not an austenite forifM&arshneyet al.,2017)as steels with
low-silicon content are likely to also bbew in retained austenite fraction. Silicon shifts the
TTT curve of steel to the right without changing the sh@galentek, 2007)The increase in

silicon and molybdenum decreases the Ms temperature, as shbigare2.9.

Molybdenum is a carbide former. The addition of Molybdenum on tempered steel provides
secondary hardening and retards austenite to form ferrite and pearlite, thus, allowiegdainit
form more readily(Leach, 2013) This was further documented hge et al (2002)and is

shown inFigure2.10.
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Small increments of molybdenum and niobium improve the yield strength of HSLALsteel
et al.,2002) while the additions of molybdenumdmanadium improve resistance to SCC in
steels(Nasirpouri, Alizadeh, and Hosseingholizadeh, 20Mglybdenum and vanadium are
unresolved at temperatures below 860°C and may reduce grain gfawvtr, 1998)resulting

in finely dispersed carbides theetard austenite growtfZajac, 1999) Molybdenum and

vanadium carbides are stable at temperatures below 910°C but form respective carbides.

Vanadium carbides decompose at about 950°C and therefore do not restrict austenite grain
growth at higher teperature¢Annan, 2015)Vanadaium alsbas higher solubility in austenite
compared to other alloying eleme(@olden, 2017)Vanadium precipitates form at relatively

low temperatures, indicating that the driving force for vanadium carbide precipititi
austenite is low. Apart from hardening the material, vanadium also induces secondary
hardening effects during temperif@oulas, 2019)Additionally, vanadium has been used as

a micrealloying element for HSLA steels since the 1950s (Sage, 1984).

Carbideforming elements improve hardenability when dissolved in austenite and increase
wear resistance (Totten, 2006). Additionally, the large measure of hardness is improved by the
carbide size and distribution. Chromium carbides readily dissolve innites(érdehali

Barani, Ponge, and Raabe, 2Q08hile iron carbides, or cementite ¢&8, require minimum
temperatures of about 723°C to dissolve. These carbides become nucleation sites during phase
transformation, resulting in the TTT cunghifting to the right, as shown iRigure 2.11
Austenitisation of spring steel is undertaken at 850°C + 30°C, therefore, the carbide will

stimulate nucleation during phase transformation.
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Figure2.11 TTT diagrams of the effect of alloying elements on steel: (a) steel alloyed with Ni, Si, and Mn and
(b) steel alloyed with Cr, W, V, and M&obaskoet al.,2009)
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2.1.3.2 Material selection

Helical compression springs are expbse high stress levels, severe atmospheric conditions,

and corrosive raw material&Zhu, Wang, and Huang, 2014ajence, suitable material
properties are essent{&ragoudaki®t al.,2014) Therefore, this section focuses on the factors

to consider when selecting materials for springs. Firstly, the uses of the springs, as well as the
conditions and environments that the springs will be used in, should be considered, as they play
asignificmt role in the corrosion rate of differ
durability (Komazakiet al.,2005) For example, materials used to build a wagon that transports

coal or iron ore should be able to withstand the corrosive enviroranémroperties associated

with these commodities.

Secondly, design requirements such as deflection, lifespan, and load need to be considered as
they dictate material quality and tyfRReddy and Reddy, 2013)he increase in freight traffic
volumes cou lead to an increase in the payload. Therefore, the materials used must have the
necessary properties to carry the load over many cyRi@skumar and Karthiyaraj, 2021)

The different types of loads include impact load, repeated load, and stat{@dih et al.,

2013) Helical coil springs experience all three loading conditions at various stages during train

movement.

Additionally, the material grade, mechanical properties, shape, and size of the spring, as well
as thechemical composition, ditility, strength, and stiffnessye vital in the spring material
selection as thewre all important factors in the durability and performance of hdaty
springs Lastly, the manufacturability of the material should be considered to achieve the

required properties.

2.1.3.3 Material properties

2.1.3.3.1 Elasticity of material

Material characteristics are used as crucial design parameters of $dengberg, 1996)The

most important of these are the elasticity, elongation, tensile strength, and yield strength of
steel. This study seeks to highlight mechanical properties, as well as illustrate the effect of
estimated elasticity on the design life of springs. Dei@ng the elasticity of the steel assists

in effective materi al sel ection. Therefor e,
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fundamentally important Y e t n a etMI§ 20D3yakd can be obtained by determining the

slope of the stresstrain cure within the elastic region of the st¢8had, 2017)

Most designers estimate the modulus of elasticity. However, before doing so, it is important
for them to understand the microstructure and crystal structure of the steel. The modulus of
elasticityis shown using Equatior’ss and2.6, where,, = the stress and = the strainp =

the equilibrium distance, and = UTS. Equation2.7, al so referred to
defines the linear behaviour of the material within the elastic rafge.elasticity of the
material is dependent on the nature of the interatomic bond and distance, as shown in Equations
2.8, where'O= force, Q= spring constant, anid= associated displacemefRigure2.12 also
illustrates this.
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Figure2.12 The force required to separate two atq@allister, 2001)

2.1.3.3.2 Deformation behaviour of material

One of the most crucial yet underrated properties of material is the strain hardening exponent,
which includes elongation, strength, and toughii¥sset al.,2012) Determining the strain

hardening exponent is vital in material selection as it is helpfuunderstanding the
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deformation behaviour of materiglsG e ktealk 2016) The specific deformation behaviour
of spring steel is a focus in this study. When stress is axially applied on a body, it may

experience elastic or plastic deformat{@neter and Bacon, 1962)

Elastic deformation refers to when the body returns to its original shape, while plastic
deformation refers to permanent deformation. Bogie springs rely on elastic deformation to
carry a load within any given range without plasefaimation(Daset al.,2007b) The flow

stress of material is determined from the plastic deformation zone before necking occurs
(Hertzberg, 1996). A lodpg plot of the plastic deformation zone will create a straight gradient,

in which the strain haraeng exponent can be determined¥ e t n a etMI§2DI8 k

The plastic deformation zone can also be expressed by the Hollomon relationship to predict the
flow stress, as presented in Equati® where K = the strength coefficient and n = the strain
hardening exponer{Afrin et al.,2007) The ration of UTS and yield strength signifies the
hardening capacitfLuo et al.,2006) The strain hardening exponent can be determined by
plotting the true stresstrain curve, which can be calculated uskgpations2.10and2.11,

where, = the true stress, S = the engineering stiessthe engineering strain, and n = the

strain hardening exponent.

., U 2.9
., YQ p 2.10
17Q p 211

2.1.3.4 Alternative materials for SAE 1560 spring steel

Historically, the South African railway industry used SAE 5160 spring steel tufaxcture
springs. However, the steel grade is no longer popular #ieckcal steel mill is unable to
generate enough orders to keep the production lilkeeo$teelgoing. The availability of the
recommended material therefore became a coneerth, thelocal steel mill notified its
customers to find alternative materials. Additionalle South African government enacted
local content legislations to encourage the localisation of skills and technology, which are not
easily available in the country. 8tevas deemed as a local product by the Department of Trade,
Industry, and Competition.
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As a result, implausible exemptions had to be approved that the required material and

alternative materials were unavailable in the countiyerefore, three locallyavailable

dissimilar spring steel grades were identified for the development of the springs. The materials
are equivalent to BS EN 1002902grades 55Cr3, 54SiCr6, and 52CrMoV4. 55Cr3 is a rolled
steel alloyed with approximately 0.90% chromium, 54SiCrtigely alloyed with 1.60%
silicon, and 52CrMoV4 is a rolled steel alloyed with molybdenum and vanadium. The chemical
compositions of the equivalent steel grades are showahle 2.1.

Table2.1 Equivalent steel grades to the identified experiment saniple&£N 10089, 2002)

. Specifications
Identity/Elements ,

55Cr3 54SiCr6 52CrMoV4
Carbon(%) 0.527 0.59 0.517 0.59 0.4871 0.56
Silicon (%) 0.40 max 1.207 1.60 0.40 max
Manganes¢%o) 0.707 1.00 0.5071 0.80 0.707 1.10
Phosphoru$%) 0.025 max 0.025 max 0.025 max
Sulphur(%) 0.025 max 0.025 max 0.025 max
Chromium(%o) 0.701 1.00 0.5071 0.80 0.9071 1.20
Molybdenum(%o) * * 0.157 0.30
Vanadium(%) * * 0.107 0.20

The three selected steel grades are versatile and can achieve the desired

properties by

optimisation of the heat treatment process. In order to optimise the mechanical properties of

various steels effectively, the exact processing parantetemsne important.

2.1.4 Spring design

Historically, failure investigations have shown that premature failure of springs occurred due

to metallurgical aspects of spring steel, spring manufacturing,carmdsion(Murtaza and

Akid, 2000) Consequently, the design and structural integritythef springs are often

neglectedHowever, abetter understanding of surface fatigue cracks in-sigingth spring

steelcamot be limited to manufacturing and material properties akmeshould include

spring desigrand structural integritgs well.

The main reason for spring design is to obtain a spring that is economical for a suited

application.Additionally, it must fit within the set configurations governed by dimensional

constraints such as deflection, diameter, free length, solid length, and number oftbeils
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number of coils can be restrictive, particularly when there is a solid lengtificgteon
(Hattingh, 1998) The design details and terminologies of helical compression springs are

shown inFigure2.13.

w FREE LENGTH 10 TOTAL COILS SHOWN
GROUND SECTION

MEAN COIL
DIAMETER

Figure2.13 Helical coil compressionpsing information and termSAE AE-11, 1982)

Helical coil compression springs are designed to handle compressive and tensile loads
(Tamada, 202(nd are usually loadedtiv an axially compressive force along their centreline.

If the springs are not designed properly, this might cause the coils to come into contact when
overloaded, resulting in spring buckling. This phenomenon could be due to poor spring
stiffness(Popet al., 2018) Spring buckling causes contact patches, which eventually act as
stressraisers and result in a shortened lifespan of the spiitedy and Reddy, 2013; Lireg

al., 2017)

Therefore, pitch angle plays an important role in the designgétsprings and has an effect

on the fatigue life of the springs. Pitch angle is the angle between the coils and base of a spring
and must be precise for springs to be structurally accegtabkte, Shankapal, and H, 2012)

The challenge of inaccuratétgh angle is that when the pitch angle is too large, the fatigue
cycles of the springs are significantly reduc€te classical notion that spring instability is
based on the buckling of an equivalent column during fatigue testing is discussed in the case

studies(de Crescenzo and Salvini, 2019)

To evaluate the effectiveness of the proposed design for a certain loading condhtiemal
selectionheat treatment experiments, and numerical simulations, i.e.JW&@ performedin

this study, étailed mathematical calculations were carried out to determine shear stress and
the projected number of fatigue cycles. Solid models were generated anad usediuct a

FEA simulation based on the structural integrity assessment of the springs. Furthermore, failure

investigations were used to solve the technical challenges to improve the quality of the springs
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(Vukelic and Brcic, 2016)The findings of thisesearch will be used to improve the fatigue life

of bogiesprings.
2.1.5 Spring manufacturing

In the last century, efforts have been made to manufacturgkigbrmance springs with the
intention of increasing the spring lifespan and IcHte average lifespaof bogiesprings is
approximately 20 years 0 Z E-Ld, 2004) The springs are manufactured using SAE 5160
spring steel, which is equivalent to BS EN 10089:2002 grade 51Gprihgsteel(BS EN
10089, 2002)The specification chemistry range is shawiable 2.2and te current spring
manufacturing process, which is also the focus of this study, is detaiteguire2.14, along

with the research questions (RQ).

Table2.2 SAE J404 grade 5160 chemical composition specification (in &% J404 standard, 1980)

Elements C Cr Mn P Si S
SAE 5160 | 0.56i 0.64 | 0.701 0.90 | 0.75i 1.00| 0.035* | 0.157 0.35| 0.045*
*Maximum
. , Heat treatment
Steel making =P Steel rods rolling = (920 fd
RQ1
Quenching | (H%atz”gatme?t le—  coiling
RQ4 RQ3 RQ2
. Tempering > :
Presetting r— (420 f o Shotpeening
RQ5

Figure2.14 Spring manufacturing process flow.

The manufacturing process of the springs entails high temperature coiling, hardening, and
tempering(Fedin and Borts, 2009T he steel rods received from the mill are charged in a heat
treatment furnace and soaked at 920°C for an hour. The rods arpldhed on a rotating

holding reel and coiled by drive rollers on a coiling machine in a normalising atmosphere. After
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the coiling process, the coiled rods areheated to 920°C for an hour, followed by oll

guenching at 60°C.

The quenching process is lfmlved by tempering at 420°C for three hours, which completes

the heat treatment process. The springs are then shot blasted to clean the oxide scale that forms
during the heat treatment process. Although the process of manufacturing functional springs
exist, the optimum process is unknowihis section covers the manufacturing processes used

to create the desired spring shape and attain satisfactory mechanical properties.

2.1.5.1 Heat treatment

Heat treatment is the process of heating and cooling metals in atatditb achieve the desired
mechanical properties through modifying the crystal strudi@odjonenet al., 2021) The

main objective of the heat treatment is to improve the hardness, strength, and toughness of the
steel. The various stages of theat treatment process include heating the metal to a specified
temperature, soaking the metal for a specific time period, and cooling the metal to room

temperatur@and are shown iRigure2.15.
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Figure2.15 Spring shop alloy and heat treatment cycle.

Moreover, the heat treatment of springs entails normalising and coiling the steel at 850°C to
880°C, followed by austenitising the steel for an hour at 860°C to 880°C. The steel is then
guenched in quenching oil at 40°C and tempered for three hours at 430°C to 450°C. Controlled
guenching ensures fine grains and the lowest amount of oxidation and deedidiuri
therefore, it is a necessity in the heat treatment of steels (Prawvalt92008). Additionally,

the tempering process benefits steel by providing the maximum elastic limit and toughness by
decreasing distortion and increasing the lifespan almbildy of the springs (Rakhshtadt,
1967).
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2.1.5.1.1 Austenitisation

Austenitisation, which is the process of heating steel to a temperature at which the
microstructure changes from the pearlite phase to austenite and homogenizes over time
(Mandalet al.,2016) The lowest temperature to fully obtain austenite is generally indicated
by thed line at various carbon concentrations. The austenitising temperature and soaking
time of steel have adverse effects on the properties of the steel due to grain gxamiatign,

and decarburisatioftGrzegorz, 2019)Therefore, high austenitising temperatures and longer
soaking times must be controlled to avoid grain growth and quench créckireg al.,2017)
Austenite grain growth can also be limited by the additions of molybdenum and vanadium in

small quanties(Annan, 2015)

2.1.5.1.2 Quenching

Quenching is the process of cooling steel from the solution treating temperature, using
guenching media like oil or water (Totten, 200B)iczek and Telejk¢2013)referred to itas

the thermal process where materials iammersed in a quenching media to achieve certain
mechanical properties and microstructur@ienching is an important stage of the heat
treatment process because it improves the strength of spring steel, as well as creates
compressive stresses on the steféKobasko, 2021) Compressive surface stresses may
improve fatigue properties when tteeat treatment igontrolled( Go | i [ | Podgorni
L e s k 0 v g e HHowevet, @hkr8the quenching parameters are not contrattest spring

materials often devepoquench cracks during the hardening process.

Usually the cracks are fine on the surface and are only detectable by dye penetrant testing. The
main cause of quench cracks is severe cooling rates and subsequent development of tensile
stress on the surfacd the springlLingamanaik and Chen, 2014)ensile stress is increased

by volumetric martensite expansion during phase transformation and can be reduced by
selecting a quenchant with slower cooling rates that still promote martensite transformation
(Ravi Kumaret al.,2000) The purpose of this studyas to determine if quenching would be

able to achieve martensite without causing quench cracks or other microstructural deficiencies
using specific quenching oilS'here are several factors that influenthe selection o&
guenchant and anticipate performance attained from the quencbicess

The quenching process is used to dissipate energy that is absorbed during the heating process
(Avner, 1998).The cooling rate curve is indicative of the different stages of the quenching
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process. Quenchants such as oil and water usually occur in three stages, i.e. vapour blanket,
nucleate boiling, and convection cooli{ifotten, Sarmiento, and Gaston, 2Q1Eih heat

transfer mechanism or stage has distinct characteristics, as illustr&tgdres 2.16 and 2.17
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Figure2.16 Heat dissipation mechanisr(iBotten, Sarmiento, and Gaston, 2011)
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Figure2.17 A schematic representation of the three quenching stages: (a) Vapour blanket, (b) Nucleate boiling,

and (c) Convectiorooling(Mackenzie, 2009)

Vapour blanket is the first stage in the quenching process and happens upon early immersion

after austenitisation (Smallman and Bishop, 1999). The initial interaction between the hot metal

surface and quenching media genevatdayer of vapour. Cooling in this stage occurs as a

function of conduction and radiation through a gaseous film. Vapour is a poor conductor of

heat; therefore, cooling is relatively slow (Avner, 1998). As the steel cools, the vapour blanket
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breaks dowrat certain temperatures and the start quenchant boils aggressively against the
workpiece(Ma, 2002)

This stage is regarded as nucleation boiling. Cooling is faster during this stage, with the cooling
rate sometimes double the highestgnitude during the vapour blanket stage. Heat is removed
rapidly from the surface of the workpiece due to the latent heat of vaporisation (Avner, 1998).
When the workpiece is cooled below the boiling temperature of the quenching media, slow
cooling occus by convection and conduction (Ma, 2002). Cooling rates during this stage are

sl ow and are | argely dependent on the quenc

rates are relative to lower viscosity, while lower cooling rates are relative to kigbesity.

Many researchers have studied the characteristics and behaviours of different quenchants,
however, knowledge of the effect of the quenching media on specific steels is still lacking.
Additionally, Atkins (1980) presented the effect of quemtheooling rates on material
transformation per part size, however, he did not specify the quenching media. Therefore, this
study focusses on the selection of the most suitable quenching media for specific outcomes.
There are numerous grades of quenchitgwath different capabilities and characteristics, as

shown inFigure2.18.
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Figure2.18 Cooling rates and convection curves for different types of quenchin{Boitén and Segerberg,
2005)
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Each quenchant has gvn benefits and shortcominfldou et al.,2012) For instance, water

is widely used as a quenchant, however, due tastcooling rate at lower temperatures, it

may induce cracking in certain ste@$ianget al.,2017) Steel cracking results in poor product
guality. To avoid cracking and wundesirabl e
transfer coefficient and cooling rates must be known and form a basis of the quenching media
selection(Hasanet al, 2011) There is a specific cooling rate for each steel grade to achieve

full hardening.

The microstructure and hardness of materials cooled at specific rates can be predicted by using
CCT diagrams (Totten, 2006). The criteria for the selection of a suitablehgurnaill be

largely based on the specific steel CCT diagram similar to the one shéwgune2.19, and

the convection curve will be aligned to the Cdhe CCT curves of spring steel are shown in
Figure2.19. The letters displayed on the CCT diagram represent the microstructural phases,

i.e. B: Bainie, F: Ferrite, P: Pearlite, M: Martensite, and Ms: Martensite start.
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Figure2.19 The modified CCT curve for SAE 516&feelequivalent(Atkins, 1980).
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2.1.5.1.3 Tempering

Because martensite is metastable and decomposes when subjected to continuous heating above
austenitisation temperatures, the martensitic structure achieved during the quenching process
is hard and brittle (Totten, 2006). Consequently, steel in the quercmeition has high

strength but poor ductilitMatjekeet al.,2018) This is undesirable for engineering purposes.
Furthermore, attaining the ultimate balance between strength and ductility in spring production

is critical. Therefore, steel requiresrther heat treatment in the form of tempering, as
tempering improves the ductility and toughness of the steel, however, it also reduces strength,

as seen ifrigure2.20.
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Figure2.20 The effect of tempering temperature on the mechanical properties ofteleimet al.,2013)

During the tempering process, the temperature of the sample is raised to a value below the
eutectoid temperature, held there for an extended period of time, and then cooleHii{Reed
1973). Tempering is a vital step in the heat treatment process ag stgél is of little
engineering relevance after the solution treatment, i.e. austenitisation and hardening, despite
the importance of the process (Reditl, 1973). However, tempering must be carefully

regulated as it may result in undesirable microstinest and properties known as temper

33



embrittlementDieter, 1988) A significant number of spring failures are attributed to temper

embrittlement.

Overtempering and temper embrittlement can reduce spring steel strength to unacceptably low
levels for tke application. Therefore, it is important to find the optimal tempering temperature
and time to achieve the ultimate mechanical properties. Porter and Easterling (1992) claimed
that tempering of some steels at a range of 350°C to 575°C can lead to eménttHowever,

Croft (1981)and other scholars observed temper embrittlement of-dirghgth steel at
temperatures ranging from 250°C to 350°C.

When temper embrittlement is observed, it adversely affects the toughness of the material
(Mukwevho, 2016) Toughness is a critical property of springs. The reduction in toughness
does not essentially relate linearly with the increase in strength. Tempbeittlement can be
detected by testing for the effect of tempering temperaturemn temperature impact energy

with a Charpy testBelov et al.,1976).The effect of temper embrittlement is showrFigure

2.21.
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Figure2.21 The effect of temper embrittlement as a function of temperé@apus and Mayer, 1960)

There is a general understanding that strength decreases, while tempering temperature

increases, as shownkhigure2.22. However, the phenomenon of secondary hardening debunks
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the theory to a certain extemdence, a thorough understanding of steel behaviour during heat

treatment becomes necessary.

Steel with asignificant presence of phosphorus may suffer from temper embrittlé@enti,

1976) Iron carbides generally have no solubility for phosphorus. Phosphorus is largely rejected
to the interface boundaries of iron carbides and ferrite, resulting in a weaker cohesion of
boundaries or ferritearbide networks. Likewise, steels containing atgrsible amounts of
chromium and manganese are also prone to temper embrittié®agniczak, Gumienny, and
Pacyniak, 2015)
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Figure2.22 The effect of tempering temperature on the mechanical propeftigegh-strength stegllenaet al.,
2014)

A significant presence of silicon shifts the embrittlement temperature range higher. On the
other hand, the addition of molybdenum reduces susceptibility to embrittlement but does not
completely eliminate i{Razavi, Rizi, and Zadeh, 2013)ll these permutations call for a
thorough optimisation of the heat treatment process in order to avoid the embrittlement phase
and to achieve desired spring performance. In order for the heat treatment process to be
optimised, the precise parameters have to be deterr{ltaifekeet al.,2018)
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2.1.5.1.4 Phase transformation and critical transformation temperature

During the heat treatment process, phase transformation occurs, which changes the crystalline
structure and dramatidglinfluences the mechanical and metallurgical properties of the steel
(Meigui et al.,2017) Additionally, phase transformation takes place at a specific temperature
and can be determined when alloyed steels are subjected to heating and(X@ting013)
Therefore, information of phase transformation must be developed to ensure efficient
metallurgical operations. It is also important to know the phase transformation temperatures to
determine the optimal heat treatment process and its effect on the structure of specific spring

steels.

The microstructure, hardness, and strength of spreed ate generally a function of chemical
composition and cooling rate (Reéiill, 1973). To improve the mechanical properties of the
springs, the manufacturing process needs to be optimised. Therefore, a detailed understanding
of the critical transformatiotemperatures and behaviour of the selected spring steel grades is
necessary. The spring steels that were selected in this investigation for the optimisation of bogie
spring manufacturing are categorised by BS EN 10089:2002 grades 55Cr3, 54SiCr6, and
52CMoV4.

The key steps of manufacturing hot coiled springs is the austenitisation and quenching process
(Liu et al.,2010). The acceptable hardened microstructure for the steel grades is martensite.
Martensite is a diffusionless transformation that occyrldbit plane shear when the steel is
rapidly cooled from the austenitic ranff®enget al.,2019) The transformation involves the
compression of thbody cantered tetragonaB(CT) lattice parameter along theagis and the

extension of the-axis. Carlon atoms are trapped within the BCT structure.

Martensite is dependent on the lower critical temperature (Acl), upper critical temperature
(Ac3), and martensite start (Ms) temperat{Fedin and Borts, 200%hovovaet al.,2010).

Acl and Ac3 are regyded as the beginning of austenite phase transformation and the end of
austenite formation during heating. Martensite phase transformation depends on the stability
of the austenite phase, which is largely dependent on heating above Acl afWwureBal.,

2013) Andrewds equation is widely wused for
(Maisuradze and Ryzhkov, 2019)
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Austenite transformation plays a significant role in terms of mechanical properties, followed
by the chemical composition and cooling ré@ierraFuenteset al.,2016) According to the

binary FeC phase diagram presentedrigure2.23, the start of austenite transformation during
heating begins at 723°C (Acl). Complete austenite transformation is achieved when the Ac3
transformation line is reache@he martensite structure is achieved when the steel is rapidly
cooled from the austenite rangeustenite (Y and f er rhave faceanté)ed quiica s e s

(FCO) crystal structuregespectively, while martensite has a BCilystalstructure.

CCT diagrams are unique and only provide limited information regarding the heat treatment
process, while thermal analysis techniques are used to determine how material composition
changes heat flow. Usually, the underlying reaction and transformationckioétsteels are
studied with DSC, a thermal analysis techni¢fRetrovicet al.,2012) Calorimetry is one of

the most accurate and suitable methods for analysing materials and does so by determining the
heat flow rate as a function of temperature aimet. Calorimetry bases its measurements on

endothermic and exothermic proces@dskherjee and Rosolen, 2013)
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Figure2.23 Fe-Fe3C diagram (Iron carbide diagram, 2019).

The phase transfmation kinetics of the phases are known and understood, however, this study
aimed to predict the optimum transformation characteristics for the specific steel grades. For

instance, the martensite microstructure is reached whenstrigigth spring steelsi
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supercooled from the austenitic regi@hin, Lee, and Hwa Ryu, 1999; Xu, Chen, and Sun,
2018) However, it is often difficult to achieve 1@@rcentmartensite on spring steel without
causing quench cracKsi et al., 2013; Matjekeet al.,2018) Steel is susceptible to quench
cracking and microstructural deficiencies when quenching is not controlled (Matjeie

2018). As a result, the hardened microstructure usually has small percentages of either retained

austenite, pearlite, or bainite.

A material 6s ability to harden is |l argely 1in
capacity of the quenching media. The phase transformation characteristics of the three selected
spring steels were determined using DSC measurements to undetiséa behaviour of

material when subjected to heat treatment. Additionally, the aim of the study was to determine

the exact transformation temperatures of the selected steels. The empirical data generated from
the JMatpro simulation software show theical transformation temperatures of 54SiCr6 to

be significantly | ower than that predicted wu

An earlier study byMatjeke et al. (2019) showed that there is no agreement between the
JMatPro simulation software and dmr ewbés equation in determini
54SiCr6. The unreliability in the Ms temperature warranted for the heating and cooling
characteristics of the three grades to be investigated. Dilatometry was used to accurately
measure the critical traformation temperatures to be considered during the heating and
cooling procedure6 Mo hapatra, Sommer, and Mittemeijer,
The purpose of this study was to determine the effect of the cooling rate on the mechanical

propertiesand microstructure of spring steel.

2.1.5.1.5 Austenite to martensite phase transformation

Steel is known to harden when rapidly cooled from the austenitic range to room temperature
without eutectoid diffusion (Porter and Easterling, 1992). For spring steel @nreman

elastic state, higlyield strength is required, which can only be obtained by the formation of
martensite. To improve these spring steel properties, it is imperative to achieve martensite
structure during the heat treatment. Therefore, steetohbe heated to temperatures where
carbon will be completely in solution for the required amount of time. This is schematically
represented ifigure 2.24.
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The degree of martensite formation or hardenability depends on the size of the component, the
composition of the steel, the type of quenchant, and the cooling rateiRed®73). Figure

2.25 shows the effect of the cooling rate at the surfaces and centre of a rod.
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Figure2.24 A schematic representation of the time required for carbon to be in austenite gdhaiarel and
Cerda, 2017)
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Figure2.25 The effect of cooling rate on a cylindrical steel gaeedHill, 1973).
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Depending on the rod diameter and quenchant, it is possible to fully transform to martensite,
as shown irFigure 2.26. However, fully transforming to martensite comeighwihe risk of
guench cracking.
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Figure2.26 The effect of carbon on martensite start and finish tempergReesiHill, 1973).

Iron is an allotropic metal that can exist in more than one phase at different temperature ranges

(ReedHill, 1973). Within the austenitic range, iron atoms arrange themselves into FCC, while

belowAc: they transform to either BCC or BGKundu, 2007)Thed andd are estimated

using Andr e 2Rand2Elg(Atkints,i1380) s
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Martensite forms when rapidly cooled from the FCC phase (austenite), which is stable at high
temperatures, and transforms in the metastable BCT crystalline. The asosbendo not have
sufficient time to diffuse out of the interstitial spacing austenite structure during rapid cooling,
therefore, the crystal structure transforms into a BCC ferrite structure. The FCC unit cell that

is stable at high temperatures is shawrrigure 2.27. The crystallographic axes lie at right
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angles; however, the BCT lattice dimensions of the lattice constant differ from the two equal
constants (Reedill, 1973).
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Figure2.27 A schematic illustration of allotropic phas&ddelallotropic phase, 2020).

There is a relationship between the microstructure and strength of steel. Martensite is the
desired microstructure for bogie springs as it offers higher strength than bainite and pearlite
microstructuregMesplont, 2003 Fragoudaki®t al.,2014) A large constituent of bainite and
pearlite will negatively affect the homogeneity and strength of the steel. The strength of a
martensitic structure decreases with increasing volume fractions of bainite and pearlite phases
(Sungkhaphaitoon and Plookphol, B)1lt is therefore desirable to keep the volume fraction

of these phases very lowigure2.28 shows lath and plate martensite microstructures.

Sufficient undercooling is required for nucleation and shear displacement. Martensite is a hard
and brittle metastable phase with limited use, unless further transformed to tempered
martensiteKobaskoet al.(2009)stated that the transformation of martensite and other phases
are influenced by the amount of carbon present in the steel. This relatioralsigpiesented

in Figures 2.26and 2.29 Martensite start and finish temperatures are defined as the
temperature at which martensite starts to form and completes transformation, respectively
(Zhanget al., 2018) Martensite transformation of steel, with about 0.5% carbon, starts at

230°C and finishes at 20°C, which can be seen in the figure.
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Figure2.28 (a)Typical illustrations of lath martensite microstructures ghyplate martensite microstructures
(Saad, 2017AhmedandKhanna, 2020).
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Figure2.29 The effect of carbon on martensite start and finish tempergtdoesskoet al.,2009)

Martensite transformation occurs as a result of chemical free energy or Gibbs free energy when
the critical driving force is equivalent or more than the Gibbs energy of austeniteHiRleed
1973). In order to achieve the desired martensite fraction witlenmicrostructure, the
guenchant cooling rates for certain steel grades are important. During this transformation
phase, the steel suffers a change in shape, which distorts the surrounding matrix. The
martensitic transformation from austenite is eloglyedescribed using the Bain distortion
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theory, which is shown iRigures 2.30 and.32 It is worth noting tha#rchie (2018) confused
martensite BCT with austenite FCC in Figurg12.
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Figure2.30 Bain distortion theory: (a) and (b) show the effect of Bain distortion on austenite and (c) shows the
combined effect of Bain distortion on a rigid bo@§undu, 2007)
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Figure2.31 Bain distortion theory for steel: (a) shows a FCC unit cell, (b) shows a pair of FCC joined to form
BCT, (c) shows a BCT unit cell (Martensite), and (d) shows a FCC unit cell (Aust@ithje, 2018)

When the Gibbs free energy of martensite exceetof austenite, austenite becomes unstable
and martensite phase transformation occurs. This can be expres¥@’as: YO "¥'Y
whereY'0° = the driving force required to transform austenite to marternsiteenthalpy,

T = the absolute tempdtae, andS = the entropy of the system. For martensite to form from
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austenite, it requires a critical free energy differefrtgure2.32 shows that ausnite is more

stable abovéY temperature.
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Figure2.32 A Gibbs free energy schematic drawing of the variation of austenite and mart€ngita, 2014).

Gibbs free energy decreases with increasingé&sature. At'Y, the free energy equilibrium is
equal for both martensite and austenite, there¥6@&° is zero. BeyondyY, austenite is more
stable than martensite, while beld¥; stability favours martensite. Suitable nucleation sites
for martensite are usually nagquilibrium defects such as dislocations, excess vacancies, free
surfaces, grain boundaries, inclusions, and stacking {aMlsg, Van der Wolk, and Van der
Zwaag, 208).

2.1.5.2 Shot peening

Shot peening is the final step in the spring manufacturing process and is done to improve the
surface properties of the spring. Shot peening entails subjecting the spring body to high velocity
streams of shot¢Yamanda, 2007)which introduces particularly beneficial compressive
stresses on the spring surfg&euracchio, de Lima, and Schon, 20I13sts have shown that
when shot peening, specifically miesbot peening, is done properly, the fatigue life and
resistance of the spring improved(Haradaet al.,2014) This is achieved by the introduction

of hoop stresses, countering the anticipated tensile stresses on the surface layer.

When shot peening is not implemented, surface defects can become the predominant origin of

spring failure under the highycle fatigue regiméMurakami, Kanezaki, and Sofronis, 2013
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ReedHill, 1973). Knowledge of each factor of shot peening is important, e.g. type of shots,
exposure time, and velocity. The effect of shot peening is illustratedyure 2.33 and the
efficiency of shot peening is illustrated figure2.34. The spring steel endurance limit curve
stabilisesat about 2 x 1Bcycles(BS EN 139061, 2002) whichis a region in which infinite

life is expected.
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Figure2.33 SN-curve for helical spring6SAE AE-11, 1982)
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2.1.6 Surface properties ofmaterial

Alloying and heat treatment are the most important ways of improving the mechanical
properties of spring steel. However, the performance of springs and properties of spring steel
over extended periods of time also rely on surfaopertiesFigure2.35 shows that a helical

compression spring experiences the highest stress on the surface during deflection.

Spring Axis

Corrected shear stress distribution |

Figure2.35 Rod section illustrating stress distributi(ffrawotoet al.,2008)

When a compression spring is loaded, the coils experience torsion. When subjected to torsional
and bending stresses, springs are likely to iekhshtadt, 1975However, the presence of
surface defects such as decarburisation and surface roughndsscome stresmisers. Ia

service corrosion has negative impacts on spring performance.gtedi(lL987) showed that

when spring rods are heated in gas furnaces, a thick decarburisation layer develops on the
surfaces of the rods, which are detrimetwathe fatigue strength of the sprin@dackenzie,

2008)

Therefore, special efforts must be made to prevent decarburisation during the production and
heat treatment of the springs, which can be accomplished through shot peening. It has been
observedhat if the inner side of a coil spring is shot peened, the stresses on the surface inside
the coils reduce and, as a result, the fatigue life increases (SAE. AE82). The corrosion

rate of springs operating inland and coastally vary significantinéZa2010). Those operating
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in coastal environments experience accelerated corrosion. Many railway operators apply
surface coatings to deter the corrosion rate, while others prefer to use it to prevent corrosion

and hydrogen embrittlement (Vukelic and Br2016).

However, mechanical damages to the surface paint often result in accelerated localised
corrosion(Dakhore and Bissa, 2013Jjhe selection of the coating is crucial as the spring steel
must be more noble than the coating to avoid acceleralgdrgc corrosion in the event of
coating damagéain, 2012) It is worth noting that the coating of bogie springs is a worthless
effort due to the probability of coating removal as a result of mechanical damage or fretting. In
the event of coating dama, SCC will be accelerated. For SCC to occur there must be a

susceptible material, a corrosive environment, and stress.

This phenomenon causes degradation in mechanical properties qViesdnet al.,2012)

and results in a loss of material anduetion of strength and ductility of the st¢@bpoolaet

al., 2013) Alloying elements such as chromium are known to improve corrosion resistance in
steel(Niu et al.,2018) The current work investigated the susceptibility of the three spring
steelgto corrosion using electrochemical methods. The study is concerned with the interaction
of corrosion and mechanical stress with the surface properties of the springs in order to prevent
premature spring failure caused by SCC. Furthermore, efforts tcpB8dC was attempted

using slow strain rate testing (SSRT) techniques.

The susceptibility to SCC was determined as a function of elongation and time to fracture.
Hydrogenenhanced stress corrosionnigtoriousin high-strength steel and is detrimental to

the surface properties of the ste®ince the surface finish of a spring influences the service
lifespan, the surface is often shot peened to prolong the lifespan. The optimisation of spring

steel mechanical properties is intended to increase the lifegpsprings.
2.1.7 Thermal characteristics ofmaterial

2.1.7.1 Thermogravimetric behaviour

Bogie springs are manufactured from higghength spring steel that has to be accurately heat
treated(Liu, Liu, and Liu, 2010) The general manufacturing process of springs ertatls

coiling steel rods, followed by cooling and reheating the steel to austenitic temperatures for
hardening purposes (Rakhshtadt, 1967; Hattingh, 1998). The hardened steel is then tempered
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to improvethe toughness of the spring. The coiling of the springs is regarded as metal forming
at 860°C, which entails time strain and relaxation. This section focuses on the
thermogravimetric characteristics of the steels during heat treatment specifically reating
oxidation and decarburisation.

The heat treatment process entails the development phase when steel is heated and cooled at
determinedrates Bar bac ki an d.Ddiing theiheat teektrment prbcess, &hg steel
surface oxidises and forms &= when exposed to gi€hang and Wei, 1989 he surface

also decarburises during the heat treatment process. These two processes deteriorate the
springbés surface properties, whi (Ghnesdetlah,er sel y
2012) A large body of work is available on the thermogravimetric anafy$&s\) of various

metals but not really on that of spring steels.

The oxidation and decarburisation of steels have also been extensively investigated, as well as
various steel chemisé)s and conditiongGutiérrez, 2014) However, there is limited
information on the oxidation rates, as well as the exact chemistries and conditions, of specific
spring steelsShiet al.(2013)evaluated the sensitivity of various spring steels toaikad and
decarburisation but did not show the relationship between them. In pursuit to understand how
decarburisation of steel can be reducgatc et al. (2019)conducted a study of oxidation and
decarburisation of noealloyed C45 steel at various tearptures. The prediction of
thermomechanical properties and deformation behaviour of spring steels is of great interest to

spring manufacturers.
2.1.7.2 Thermomechanical behaviour

Although general steel behaviour is known, the exact thermomechanical behavio@ssuc
deformation and relaxation for specific grades are not. Therefore, a focus of this study was on
the thermomechanical behaviour of the selected spring steels during quenching to maintain
optimum design dimensions. The cooling capacity of viable quegdils was studied in order

to improve the appropriate oil selection to provide optimum mechanical steel properties
(Maisuradze, Ryzhkov, and Yudin, 2018) this study, deformation was affected by uniaxial

compression using a dilatometer.

The coolirg rates that were used were those that would sufficiently produce the necessary

mechanical properties and martensite structure without causing quench cracking. It is well
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known that high temperature deformation results in grain refinement. In the ctuBntiree

alloyed spring steels were heat treated and evaluated against oxidation and decarburisation. A
fair amount of attention was given to the oxidation rates and decarburisation of the steels in air
at atmospheric pressure. The study also focuseateoaxperimental heat treatment results to

validate the high temperature oxidation rate.

Thermomechanical treatment (TMT) is essential for the production ofgtighgth spring
steel and is the most effective way of increasing resistanqadagtic deformation and

relaxation. TMT should be extensively carried out on products such as finished springs.
2.1.8 Spring parameters

Helical coil compression springs offer resistance to compressive forces and are usually cold or
hot coiled depending on thed@iameter. Springs are hot coiled when the diameter exceeds
16mm (BS EN 13906, 2002). They are generally made of various forms and shapes of wire

depending on the purpose and use.

Though it is imperative that they employ rectangular or square wiresna sases, the use of

round wires has been the most preferred. Tolerances in spring manufacturing are important as
they affect the loadeflection characteristics diogie springs. The spring designer must
stipulate the load, mean diameter, pitch, soligyth, and spring rate, as shown in Equations
2.14t02.18.
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When a spring is subjected to dynamic loading, a stress correction factor should be included
when calculating the torsional shear str@$eg stress correction factors were calculated from
Equation2.19and2.20. The fatigue life expectancy of the springs is to be evaluated according
to SAE HS 795, usmpnEquation.19to0 2.32
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The fatigue strength parameters for the hot coiled helical compression springs manufactured
from carbon steel bars that were shot peened andeprare given ifable 2.3(Ky = 0.740,
Ce=0.830, M =-0.0215, and Y =0.130.) and are presented in the GonadHaigh diagram

in Figure2.36 (SAE AE-11, 1982).
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Table2.3 Parameters for calculating the fatigue strength of hot coiled sg®#Js AE-11, 1982)

Cycles n Max Ks2 Ke A B
1000 0.715 0.737 0.738 0.002
10000 0.681 0.546 0.628 0.151

100000 0.648 0.405 0.523 0.293

1000000 0.617 0.300 0.427 0.423

2500000 0.605 0.266 0.392 0.471
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Figure2.36 GoodmarHaigh diagram representing al® fatigue life (90% probability of surviva{BAE AE-
11, 1982)

2.1.9 Knowledge gap

Safe and reliable rail freight is crucial for global economic success due to large mass
transportation. Therefore, bogie springs are critical elements of the structural system of rolling

stock (Sayyaadi and Shokouhi, 2009) and are responsible for the idystability and safe
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operation of traingJi-lin and Kathong, 2013) In the USA, the springs are subjected to
scheduled inspections every two years to establish their roadworttifP@dsiro, 201Q)
However, once installed, thorough routine insmettf bogie springs is difficult to carry out

due to the inaccessibility of the springs. The springs are generally designed to have an infinite
lifespan, but if they reveal uniform or pitting corrosion, they are removed from service to avoid

catastrophic érailments.

The design of fifor-purpose bogie springs is based on a combination of operational conditions
such as loading and unloadjngperational environments such as coastal or industrial
environmentsand manufacturability. However, higind engieered springs require detailed
knowledge of the materials, processes, and behaviour of steels at each stage of the
manufacturing process. As a result, it is critical that the design is based on the properties of the
selected material. A thorough grasp bé tproduction process and its impact on material
gualities is understood and controlled. The problem was defined using system thinking, which

identified specific focus points that are outlined in the objectives.

Although the quenching process of steeds been properly studied for many years, the goal

of this research is to choose the best quenching oil from a catalogue of industrial quenching
oils to determine the exact influence of the quenching media on a specific grade of material.
The impact of dechurising and heatelated oxidation on the heat treatment was the first step

in optimisation. Although it is well understood that different grades of materials measure
varying decarburisation and oxidation rates, the research on selected spring ste®l grad

guantification is particularly limited.

The goal of this research was to determine the decarburisation and oxidation rates of the chosen
spring steel grades to select a unique and optimal heat treatment for each grade. The next step
was to determine kat the critical transformation temperatures were for each steel grade.
Thereby producing a body of knowledge for these specific spring steel grades, which is not

available from literature.

The critical transition temperature, which impacts the outcanmeeghanical properties, was
a vital aspect of the optimisation process. It is also widely accepted that tempering temperature
and soaking time have an impact on the ultimate mechanical properties of steel. Nevertheless,

the optimum tempering temperatuoe the steels under investigation is unknown in literature.
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SCC is more common in some spring steel grades than in others. All of these elements,
including application, design, processing, and manufacturing, must be considered as a whole

to have an accepite lifespan and capacity of springs.
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Chapter 3: Methodology

The primary goal of this research was to address a potential industrial problem of limited
material in the near future. Identifying three grades of spring steel to experiment with was the
first step to addressing the problem. Because of the similaritibe imanufacturing process

and the prevalence of SAE 5160 stesthted failures in the past,halistic systenthinking
approach was taken as part of the investigation. System elements such as spring design,
austenitising, quenching, and tempering weeaidied and analysed as part of the root causes.
The first part of the study looked at a list of notable failures as part of the problem statement,

while the investigation makes up the second part.

The structural integrity of the springs was optimisethg FEA as part of the design element

of the study. The structural integrity analysis aimed at showing the effect of the pitch angle on
the fatigue life of the sprind.he material properties will be improved by determining suitable
heat treatment processsto produce complete springs and entails thorough mechanical testing
and metallographic examination. The three local materials identified for this research were
55Cr3, 54SiCr6, an82CrMoV4. The candidate devised a heat treatment programme on his

own andtested dferent temperatures as part of the optimisation process.
3.1 Background

A flood of bogie spring failures have caused grave concern for railway operators in South
Africa. The first section of this study covered one of the investigations of springefthat is
representative of many similar failures, while the second section focuses on quenching and
optimisation experimental exercis&ngie springs are manufactured using hdrdwn steel

rods that are hot coiled into a spring shape, followedydsnching, tempering, andhot
peening. The springs are first normalised &d coiled at 850°C to 880°C, followed by
austenitising at 860°C to 880°C for one hour, quenching in oil at 40°C, and then tempering at

430°C to 450°C for three hours. The quencloigroperties are summarisedTiable3.1.

The prominent spring failures that were investigated were surface-onacks and mechanical
damages assed by coil contact under load. Majority of the micracks could only be detected
after inservice failure because the existing fa@structive testing such as magnetic particle

inspection and dye penetrant testing could not detect the cracks. In ehenesthe cracks
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were detected because of their size, they we
and attributed as part of the rod manufacturing pro&assto accessibility difficulties, bogie

springs are only inspected anbnitored for fatigue cracks during maintenance intervention

cycles, which are every four years during heavy lifting.

Table3.1 Physical and chemical properties of the quenchant.

Appearance Liquid
Flashpoint (°C) >204°C
Density (g/cm) 0.854
Pour point (°C) -15°C

Viscosity (nf/s at 40°C) 20

The springs under investigation were one of many that failednvice and another that failed
fatigue testing. The spring that failedgervice could only suive a maximum of 1200 km

over a period of one month. The spring that failed during the fatigue testing was part of a set
of nine springs that were subjected to dynamic loading testing of 56 kN with a frequency of 3
Hz. The spring that failed fatigue tasjirecorded 203 800 cycles before complete failure at a

frequency of 3 Hz.

The cyclic and mean load were 13.044 41148 kN, respectively. All the tested sets failed to
reach the minimum threshold, which stipulates that hot coiled springs must sif/ixel ¢

cycles of dynamic loading at rated load (SAE-AE, 1982). The typal failure of these springs

can be described as fatigue failure, which progressed between 20% and 25% before the final

brittle failure. The crack initiation point was always located on the inner radius of the springs.

The required microstructure of trepring steel was tempered martensite with a minimum
hardness of 50 Rockwell C. The springs were manufactured out of SAE J404 grade 5160 spring
steel with a rod diameter ranging from 25 mm to 35 mm and were fitted onto-haalvy
locomotives. The bogies csist of 12 dual spring sets, i.e. four dual springs per axle, and
carries a maximum load of 22 tons per axle. This load is far less than the rated spring load. The

load is transmitted directly from the bolster to the subframe to the springs to compress.
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3.2 Experimental procedures
3.2.1 Root cause analysis

A case study of two failed inner springs was conducted. Tiecasved failed components

were visually examined, and images of the failed components were taken. A spectrometer was
used to determine theomposition of the spring materiald he microstructures were
analysed using an optical microscope and high magnification imagfim@ scanning electron
microscopgSEM). Thephase analysis of the quenched steel rods was determineXusigg
diffraction (XRD) and te quenching capacity of the oil was determined using ivf Smart
Quench The hardness properties were determined using a {Yickers hardness tester.

Details of the methods are covered in the sections below.
3.2.2 Structural integrity assessmenm

The aim of this section is to optimise the spring design, understand the stress distribution
throughout the sprirgy and determine the Goodmbtaigh diagram for the spring3he
structural integrity assessments of the springs were conducted using FizArardetermined

using first principal calculations according to BS EN 13906 standiardise past, pitch angle

has not been considered to be an important parameter of spring design. Hotvever, t
inconsistent pitch observed on the failed simgpiredaninvestigation of the pitch angle
effect on the fatigue life of sprisgThe pitch angle was varied using the origs@ingdesign

as reference.

The following three dual spring set configurations were considered:
1. Dual spring set with theriginal pitch angle and the loads applied evenly on the spring.
2. Dual spring set with the original pitch angle and the loads applied unevenly on the
spring
3. Dual spring set with the modified pitch angle and the loads applied evenly on the spring.

3.2.3 Chemicalanalysis

The chemical composition of the rods was determined with the Q4 TASMAN Advanced CCD
Based Optical Emission Spectrometer. The samples were prepared by cutting and grinding the

mounted sample, the tests were carried out at room temperature andrageaof three
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measurements were taken per sample. The results were analysed and compared to the relevant
grades of BS EN 10089:2002 standards.

3.2.4 Heat treatment

The three identified steel rods were subjected to various heat treatment processes ® optimis
the mechanical properties. A heat treatment prograrwas devised with a range of

temperatures to optimise the process. The heat treatment cycles are shable 2.

Table3.2 Experimental heat treatment cycles.

Heat treatment processes
Steels Coiling _ Austenitisir.lg Tempering
Temp. Time Temp. Time Temp. Time
(C) (min) (°C) (min) (C) (h)
55Cr3 880 60 880 60 410 2 | 3
54SiCr6 880 60 880 60 450 2 | 3
52CrMoV4 880 60 880 60 470 2 | 3

The heat treatment experiment only focused on 25 mm diameter spring ste€hredsheat
treatment furnaces with temperatures ranging from 0°C to 1200°C were wsadytout the
austenitising, and tempering. The furnaces were set to the required temperatures and the
samples were placed inside once the temperature had stabilised. The soaking timer was started
once the furnace doors were closed. After the set timeeekthe samples were removed and

guenched.

The rods were heated to 860°C and isothermally soaked for an hour before normalising. The
rods were then rheated to 860°C and isothermally soaked for another hour, followed by oll
guenching. The quenched rodsre further optimised by tempering at various temperatures
and soaking times. The received material was analysed with a spectrometer and were heat
treated thereafter. The haatated material was then subjected to mechanical testing and a

thorough micrscopical examination.

The steels were subjected to the heat treatment process in a controlled furnace to evaluate the
decarburisation and oxidation behaviour of the materials. The heat treatment entailed
austenitising, at 860°C famnehour, subsequent bguenching, and then tempering at 450°C

for three hours. Before the heat treatment, the three rods were machined to a depth of 1 mm to
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remove any possible decarburised surface layers. Transverse sections were then polished to 1
em surf ace armametthedewith piciicracidsfdr the purpose of microstructural

analysis.
3.2.5 Sample preparation

The samples were sectioned with a band saw aratexcooledabrasive cutting machine. The
saw was used to reduce the 5 m length rods to 450 mm sections, veneleagy to handle
and could fit easily into the furnac&he watercooled abrasive cutting machine was used to

cut small samples that were prepared for metallographic examination.

The cut samples were then deburred by rough grinding, followed by thetingpyrocess
using Bakelite and thermoplastic resifhe samples were ground and polished using an
automatic Struers Tegramin polisher anSitaiers CitoPress was used the mounting. e
maximum temperature for the mounting was 140°C. giweding andpolishing steps and

parameters are presentediable3.3.

Table3.3 Grinding and plishing steps andarameters

Steps Grinding Polishing
Surface finish| 320 grit | 1200 grit | 9 um cloth | 3 um cloth | 1 um cloth
Lubricant Water Water 9 pum 3 pm 1pum
Speed (rpm) 300 150 150 150 150
Force (N) 30 30 15 10 10N
Time (min) 2 5 571 10 5 5

Each grinding angolishing step removes surface scratches, while etching is used to reveal the
microstructure of the steel. Etching was done on the polished surface using 3% Nital and 2%

picric reagent.
3.2.6 Testing

3.2.6.1 Quench testing

Quenching is a critical aspect of the heat treatment process. The selection of a wrong quenchant
may result in detrimental effects on the steel. A quench analysis test was carried out to analyse

guenchant characteristics that would induce the appropaati|g rates along with the ability
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to produce the desired microstructure without causing cracking. A portable ivf Querth

system shown ifigure3.1 was used.

Figure3.1 ivf SmartQuench setufBodin and Segerberg, 2005)

The ivf SmartQuench system consists of a probe manufactured according to the ISO 9950
standard, a furnace, ancc@amputer equipped with data acquisition software. An Inconel 600
probe with a 12.5 mm diameter and 60 mm length and containing a thermocouple was used. A
beaker was used to pour the quenchtorttesting. The probe was heated to 860°C using the

furnace, leld at that temperature for 20 minutes, and then quenched using a different quenchant.

The quenching temperature was monitored and restricted to a maximum of 60°C during the
heat treatment. The probe was cleaned in an ultrasonic bath before and tftgr Té®

cooling rates and temperatures during quenching were recorded by the data acquisition system
and analysed. The selected quenching oils for the experimentheertested. The results of

the most suitable oils are presented in the results sexfttbis thesis.
3.2.6.2 Corrosion testing

The corrosion rate and premature failure of springgenvice have preoccupied rail operators
worldwide. It is paramount to understand the corrosion resistance of the material before
deploying it in a specific environmerThe three identified materials were tested for corrosion
resistance under severe atmospheric conditions similar to those across the country. The

materials were exposed to a pH level of 4 and a 3.5% sodium chloride solution. Furthermore,
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the electrochenoal characteristics of the three spring materials were determined to measure

the effect of coating on the electrochemical potential and corrosion rate.

3.2.6.3 Slow strainrate testing

Slow strainrate testing was used to determine SCC at a strain rate of®sx a6d was carried

out at 25°C according to ISO 7539%ASTM E8). The environment consisted of water with
3.5% sodium chloride at a pH of 4. Smsited specimens proportional to the standard
specimen according to themerican Society for Testing and Maials ASTM) Standard E8

for cylindrical tensile test specimens were used, with a diameter of 4 mm and a reduced section
length of 22.5 mm (slightly longer than the standard, which is 19.0 mm). A schematic drawing

of the tensile specimen is shownHigure3.2.

Figure3.2 Approximate details of the tensile specimen used.

3.2.6.4 Tensile testing

Tensile strength gives an indication of the strength and ductility of materials. The results of

these tests may be used to establish other critical parameters, such as the strain hardening

exponent

and Youngos

specified inFigure3.3.
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The samples were taken from the centre of the rods. Tensile testing was performed in
accordance with ASTM EB0 using a 100 kN load cell MTS machine (Avner, 1998) and was
carried out at room temperature. The initial diameter and gauge lengths were measlred, a

the engineering stressrain curve was plotted.
3.2.6.5 Hardness testing

Hardness testing can be used to determine the hardenability of materials. The hardness tests
were conducted on flat polished samples using an INNOVATEST Vickers hardness tester and
Rockwell hardness tester. A miexickers hardness test, with 0.5 kg.f, wased for
microhardness and the test profile was carried out across the sample diameter at 100 pm

intervals. The Rockwell hardness tester was used to measure hardness on a macroscale.
3.2.6.6 Impact strength testing

Impact strength testing, @harpy testingis generally used to study the temperatdependent

ductile to brittle transition of the materials. A Charpy impact machine was used to determine
the impact strength of the spring steel and a 750 pound hammer was used to conduct the testing.
A 10 x 10 x 60 mm sample was machined from the centre of the rod and tes@&@r@;-7°C

and 25°C.

3.2.6.7 Microscopic analysis

An optical microscope was used to evaluate the microstructures of the samples. The samples
were cut and prepared for metallographic examinationibgigig and polishing to about 1 pm
surface finish. The samples were then evaluated in the polished condition foretadhc
inclusions and etched to evaluate the developed microstructure. A SEM, which is equipped
with energydispersive Xray spectroscopywas used to examine the samples at high
magnification. The fracture surfaces of tensile test samples were also evaluated using a SEM.

3.2.6.8 Differential scanning calorimetry

SDT Q600 V20.9 Build 20 DSC equipped with DFGA module was used for experimental
thermal analysis. Sample preparation entailed grinding fine particles from the three materials.
Each material was weighed with the instrument before the analysis began. The chamber
temperature was ramped up to 850°C at 120°C per minute and held thererfonties before

cooling at the same rate.
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All three materials experienced a similar heating and cooling cycle under air atmospheric
conditions. Furthermore, the oxidation rates were determined by holding the samples
isothermally after they were heated 860°C while purging the steel with argon gas. The
samples were then isothermally held at 860°C for one hour under atmospheric conditions.

3.2.6.9 Dilatometric testing

The three selected spring steels were prepared for dilatometry to conduct thermal analysis and
evaluate the impact of cooling rates on mechanical properties and microstructures. The
dilatometric samples were machined to a 5 mm diameter and a 10 mm length. The dilatometric
test samples for each spring steel grade were heated to 860°C followed by Hoakirat the

same temperature before cooling them at various rates.

The constant cooling rates were used to generate dilatometric data for the steels. The critical
transformation temperatures were determined by measuring the dilation using thermal

exparsion against temperaturehe heat treatment parameters are showrabie 3.4.

Table3.4 Dilatometric parameters used on the three materials.

Temperature Cooling rate Heating rate Soaking time
(°C) (°Cls) (°Cls) (h)
860 0.01 10 45
860 0.1 10 45
860 1 10 45
860 10 10 45
860 20 10 45
860 30 10 45
860 100 10 45

The heatreated dilatometric test samples were mounted and prepared for microscopic
examination by grinding and polishing them to a 1 um finish. The samples were etched with
2% nitric reagent prior to the metallographic examination using both the opilic@scope

and the SEM. The samples were further subjected to #iclers hardness testing to
determine the hardness of the materials relative to the microstructur€CIheurves for the

three steels were generated from the dilation curves. The Metatuge was determined with

a cooling rate of 100°C per second.
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3.2.6.10Thermomechanical testing

The three selected spring steels were prepared for thermomechanical testing using a
dilatometer. The samples were machined to a 5 mm diameter and a 10 mm length and were
subjected to heating followed by compression deformation to 0.02 strain before céoling
strain of 0.02 is regarded as a point where permanent deformation starts while conducting
tensile testing at room temperature. The experimental parameters and variables are presented
in Tables3.5and3.6.

Table3.5 Deformation and soaking of the three materials.

Temperature Isothermal Strain | Strain rate Cooling Coollng
soaking rate media
860°C 45 min | 002MMI g5 0.47Cls Air
/mm
Table3.6 Deformation and quenching of the three materials.
Isothermal . .
Sample Templerature soaking Strain Quenchlng
(°C) . (mm/mm) media
(min)
55Cr3 860 45 0.02 Oil A
54SiCr 860 45 0.02 Oil B
52CrMov4 860 45 0.02 Oil A

The first batch of samples were cooled in conditions simulated to be still air. The cooling rate
of 0.4°C per second was aimed at mimicking the normalising process after coiling the springs.
The second batch of samples were quenched in oil whereby thehngeoharacteristic of the

oil was used. The quenching capacity and cooling odtide® oilwere determined using a smart
guench system. The introduction of quenching after coiling was to assess the relaxation ability
upon rapid cooling.

The smart quesh system was equipped with an Inconel probe, furnace, and computer that has
data acquisition software. The two selected oils were poured into a beaker for testing and were
labelled Oil A and Oil B. Oil A was designated to 55Cr3 and 52CrMoV4, while OilaB w
designated to 54SiCr6. The probe was heated to 850°C and soaked for 20 minutes before it was

guenched in the respective oils.
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The determined quenching capacity data that was collected included the oil cooling rates,
which were inserted as parametersthie dilatometer to mimic the cooling capacity of the
respective oils. The dilatometer used helium gas for rapid cooling. Théréai@d samples

were prepared for microscopic examination by grinding, polishing, and etching with 2% Nital.

Microscopic exanination was determined using an optical microscope.
3.2.6.11X-ray diffraction

XRD was used to investigate and characterise the microstructure of the steel. With XRD, the
samples are scanned at an angle While the detector simultaneously movesrat Rietveld
analysis was used to quantify the XRD results to characterise the crystallographic phases,
which were analysed and quantified.

3.2.7 Manufacturing of bogie springs

Full-scale prototype springs were produced at an unnamed spaimgfacturing facility. The
coiling was done as per FEA report recommendations. The manufacturing of springs entails
hot coiling, quenching, and tempering. The springs were shot peened in the same facility as a

final process.
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Chapter 4: Results

The results are separated according to root cause analysis and experimental results.
4.1 Root cause analysis
4.1.1 Visual examinations

Visual examinations of the spring that failedsiervice due to micraracking are shown in
Figure 4.1 and 4.2ZT'he failure of thessprings can be described as fatigue failure that began
on the surface of the spring. The fractured surface of the sprifigure4.1 reveals a dull area
followed byapproximately 13% of fatigue beach marks from the dark area before brittle failure.
Figure4.2 reveals a dull area that appeared as @&pgiging crack that oxidised during the heat

treatment. The dark area is identified as the initiation point of the fatigue crack.

Fatigue
thumbnail |

Figure4.1 Complete spring fracture surface.

A visual examination of the spring that failed during fatigue testing is shokiguine4.3. The

spring failed at coil number 5. The fracture surface of the spring revealed fatigue cracks that
progressed approximately 20% of the spring. The fracture surfaces of the spring are shown in
Figures4.4 and 4.5.
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Figure4.3 Spring that failed during fatigue testing



Figure4.5 Top view of thefailed spring.

4.1.2 Scanning electron microscope

The origin of the fatigue crack on the sample that faileskirvice was examined by means of
a SEM. The initiation point featured a mixture tedinsgranular and intergranular cracking
typical of quench cracking. The surface of the failure origin was covered with what appears to
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be heatrelated iron oxidescdes Oxidation occurred during further heat treatment processes,

i.e. tempering. A SEM imge of the origin of the crack is presenteéigure4.6.

Figure4.6 A SEM image of the failure origin.

4.1.3 Chemical composition

The chemical composition of the spring that faileesémvice was conducted by means of
optical emission spectrometry in element weight percentage and the results are presented in
Table4.1. The composition of the failed spring complied with the requirements of SAE 5160

springsteel, which is classified as hardenable Fighoon steel.

Table4.1 Chemical composition results of the failed spring.

Elements %C %Si %Mn %P %S %Cr
Failed spring 0.60 0.28 0.84 0.013 0.004 0.78
SAE 5160 stee| 0.560.64| 0.150.35| 0.751.00| 0.04 max| 0.03 max| 0.70-090

4.1.4 Quench test

The oilsample that was used to produce the failed springs was collected from the quench tank
for quench test analysis. An additional sample of the unused oil was also taken for analysis.
The oil samples were taken in clean separate containers for testing angstedeusing a
portable quenchant test system, i.e. ivf Sr@arénch. The quench test results are presented in
Table4.2 and are plotted in graphs showrHigures 4.7 and 4.8.
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Table4.2 Quench test results.

Properties Unused oll Used oil
Maximum cooling raté°C/s) 61.6 78.9
Temperature at maximum cooling rate (°C) 526.0 515.9
Temperature at start of boiling (°C) 619.9 615.3
Temperature at start of convection (°C) 331.9 240.1
Cooling rate at 300°C (°C/s) 7.3 19.0
Time to 600°C (s) 10.9 9.8
Time to400°C (s) 15.8 13.1
Time to 300°C (s) 41.3 15.1
Time to 200°C (s) 49.8 27.2
Theta 1 (°C) 616.3 612.3
Theta 2 (°C) 398.6 326.3
Hardening PowelVF (Oil) 271.2 756.3
)
< 900
o 800 -
S 700 -
; 600 A -
® 500 - _ ’5,\
£ -—"
o 400 -
|_
300 A
- = = = Used Oil
200 A - Unused Oil
100

Cooling

0 5 10 15

20

25

rate (AC/s)

Figure4.7 Oil properties: cooling rates.
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Figure4.8 Oil properties: convection curves.

The used oil showed deterioration and as a result had a faster cooling rate at the martensitic
start range. The cooling ratekthe used oil were severe at critical temperatures of 280°C and
300°C. The harmonisation of the SAE 5160 CCT curve is showigure4.9. The CCT curve

in the figurewas generated using JMatPro software and shows full martensitic transformation.
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Figure4.9 SAE 5160 steel CCT diagram.
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4.1.5 Heat treatmentvalidation experiments

To validate the findings of the discussed oil quenching capacity, hardening experiments were

undertaken to simulate trspring heat treatment process. The SAE 5160 steel sample was

heated to 860°C and quenched inlthreised oiland the used oil, respectlye

4.1.5.1 Microscopic examination results

The microstructure of the steel that was quenched witltuthesed oilrevealed a matrix of

martensite and bainite formations, while the microstructure of the steel quenched with the used

oil revealed fully transformed m@nsite with a crack running through. The microstructural

images are shown figures 4.10 and 4.11.
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Figure4.10 Microstructure of the steel after quenching in theused oil

Figure4.11 Microstructure of the steel after quenching in the used oil.



4.1.5.2 Hardness results

The hardness profile measurements were carried out using the Vickers hardness tester and was
done from one edge to the other at a 1 mm iatefhe steel that was quenched with the used
oil revealed higher hardness compared toUnesed oil The hardness average and profile

results are shown ihable4.3andFigures 4.12 and 4.13

Table4.3 Average hardness measurements.

Quenchant Average Standard deviation Standard error
Unused oll 780.9 23.3 4.6
Used oil 866.8 13.9 2.8
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Figure4.12 Hardness profile measurements.
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Figure4.13 Hardness measurements average.

4.1.5.2.1 X-ray diffraction results

A XRD analysis was conducted on the samples that were quenched withubed oiland
used oil. The XRD spectrums are showrfFigures 4.14 and 4.1 he quantitative analysis
showed that the sample quenched in the used oil had more martensite trarwidimaatthe
sample quenched in thénused oil This confirms that the deterioration of oil has an impact
on the cooling rates of the oil. Phase quantification, as showabie4.4, was conducted using
the Rietveld method.
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Figure4.14 XRD spectrumUnused oilsample.
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Figure4.15 XRD spectrum: used oil sample.
Table4.4 Quantified phase analysis.

Phases Unused oll Used oll
Martensite (%) 67.4 77.7
Cementite (%) 31.7 21.1

Ferrite (%) 0.9 1.1

4.2 Design optimisation

This section looks at optimising the spring design to solve the problem of spring coil contact
stated in the root cause analysis. Although the spring set up is a dual configuration, the focus

of this study is developing an optimum pitch angle for the innengpri
4.2.1 Spring information

The designed spring dimensions of the dual spring sets are giVablm4.5. The pitch and
pitch angle of the springs were calculated using Equafiditsand4.1.

Axr N
OAl — 4.1
= u’o

4.2.2 Structural integrity assessment

The inconsistent pitch observed on the failed spring inspired the investigation of the effect of
pitch angle on the fatigue life of springs. These investigations involved varying thamifeh

using the original design as reference. The structural integrity of both dual spring sets was
evaluated when compressed to solid length and subjected to dynamic loading. The influence

on the fatigue life expectancy when the dual spring set was |lesde@nly with the original
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pitch angle was then evaluated. The structural integrity was conducted with the pitch angle, as
shown inTables 4.6 and 4.7

Table4.5 Spring dimensions.

o _ Spring set with original pitch angle
Spring information : -
Outer spring Inner spring
Number of coils 5.7 7.9
Number of active coils 4.2 6.4
Mean coils diameter (mm) 243 165
Nominal wire diameter (mm) 35 25
Free length (mm) 367.6 367.6
Length at ratedbad (mm) 252.5 252.5
Solid length (mm) 189.0 190.0
Pitch (mm) 79.2 53.5
Pitch angle (°) 5.9 5.9

Table4.6 Torsional shear stresses of the outer spring when subjected to solid compression

Pitch Pitch angle Shear stress Corrected Deflection
(mm) ) (MPa) eSS (mm)
(MPa)

72 54 571 643 166

79 5.9 630 709 179

83 6.2 661 745 179

85 6.3 673 758 179

87 6.5 694 782 179

152 11.2 1207 1359 179

Table4.7 Torsional shear stresses of the inner spring when subjected to solid compression.

Pitch Pitch angle Shear stress Corrected Deflection
(mm) ) (MPa) VRN (mm)
(MPa)
45 5.4 582 656 148
54 5.9 637 717 178
56 6.2 668 752 178
57 6.3 679 765 178
59 6.5 703 791 178
100 10.9 1188 1338 178
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The corrected and uncorrected torsional shear stresses were determined using EgRations
and4.3.
0Qi

4.2
L O

th Qft 4.3

The spring design calculations were done according to the requirements of the following
standards:

1 EN 139061: 2013. Cylindrical helical springs made from round wire and-bar
Calculation and designCompression springsPart 1. Compressiosprings (BS EN
139061, 2002).

1 DIN 20961: 1981. Helical compression springs made of round wire and rod; Quality
requirements for hot formed compression springs (DIN 2096, 1981).

1 SAE HS 795: 1990. Sprirdgsignmanual- Part 2: Design angpplicationof helical
andspiral springs(SAE AE-11, 1982)

4.2.3 Theoretical calculations

The theoretical calculations for torsional stress were conducted in accordance with the spring
drawing and BS EN 13906 compliance criteria and are presenieabia4.7. SAE HS 795,

1990, p. 2.60 states that the maximum allowable uncorrected torsional shear stress in a spring
that is manufactured from an -@dmpered alloy steel is 50% of the material tensile strength.
SAE J404 5160 steel has a nomikAlS of 1400 MPa. This suggests that the maximum
allowable uncorrected torsional shear stress is 700 MPa.

The calculated results of the outer spring show that the pitch angle can only be varied between
5.9° and 6.5° without causing structural problemsweleer, the pitch angle of the inner spring

can be varied between 5.9° and 6.3°. The theoretical forces required to reach solid compression
for the outer spring, inner spring, and dual spring set with the original pitch (5.9°) and modified
pitch (5.4°) areresented ifrigures 4.16 and 4.17
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Figure4.16 Theoretical forces required to reach solid compression of the dual spring set with a pitch angle of

5.9°

60

50 4

20 —@— Dual Spring

o Outer Spring
= —-w— Inner Spring o) o
< o]
@ 30 4 O
2
S (]
L
O
20 -
.0 e
_v
s ° _ -
10 + o v
v
o _ v
Ses
0 = T T T T T T T T )
0 20 40 60 80 100 120 140 160 180

Deflection (mm)
Figure4.17 Theoretical forces required to reach solid compression for the dual spring set with a pitch angle of
5.4°.

A theoretical spring force of 50.7 kN is requirecctmpress the modified pitch angle of 5.4°
of the dual spring set to solid length, which is less than the maximum dynamic load of 56.5 kN.
The spring deflection was calculated using Equafignand the results are summarised in
Table4.6.The results of the modified pitch angle of 5.4° with an expected spring deflection of
178 mm will achieve solid compression at a deflection of 149 mm, suggestingettsgiritig
with the modified pitch angle is not suitable for this application.
Jo ¢ O

0Q

4.4
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4.2.4 Finite element model

A FEA was carried out to confirm the corrected and uncorrected torstyeates that were
calculated inTable 4.6 and 4.7Three solid models of dual spring sets were generated with
different pitch angles using the parameters givérainie4.5. The respective pitch angles were
5°,5.9° and 11°, as illustratedfigure4.18.

Figure4.18 A solid model of the dual sprisget with the original pitch angle (b) 5.9° and modified pitch angles
(a) 5° and (c) 11°.

These solid models were imported into MSC Patran where the solid bodies were meshed with
TET10 sold elements and were then exported to MSC Manm contact bodies were created

for each dual spring set, namely the inner spring and outer sphadinite element model
(FEM) of the dual spring set with the original pitch angle is presentédyure4.19, where

two contact bodies are indicatddvo geometric surfaces wegenerated one touching the

bottom of the two springs and the other touching the top.

4.2.4.1 Boundary conditions

Touching surfaces with a friction coefficient of 0.3 was specified between the surfaces and
springs, as well as setbntact between the spring coile top surface was connected to a
control node that was used to apply the relevanindary conditionsThe control node was
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constrained for translation and rotation in all directions except for translation alongutise z

(axial direction of the spring), as shownFigure4.20.

Outer_spring

Figure4.19 A FEM of the dual spring set with the original pitch angle.

¥

L.

Figure4.20 Boundary conditions applied to the control node that is attached to the geometric surface above the

springs.

Either a fixed displacement or point load was applied to the control Magenodes at the

bottom end of each spring were constrained for tadiosl along the saxis and yaxis to keep
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the springs from rotation, as showrrHigure 4.21. The same boundary conditions were applied

to both dual spring sets.

Figure 4.21 Two nodes at the bottom end of each spring constrained for translation.

4.2.4.2 Load cases

The following two load cases were assessed:
1 Load Case 1: During this load case, a displacement with a magnitudeécetheafree
length subtracted by the solid length of the dual spring set was applied to the geometric
surface above the springs.
1 Load Case 2: During this load case, a point load was applied to the geometric surface
above the springs in four increments,am increments 2, 3, and 4 had magnitudes
equal to the minimum, mean, and maximum dynamic loads on the dual spring sets,

respectively.
4.2.4.3 Constiutive model

The dual spring sets were modelled with linear elastic isotropic material properties in MSC

Marc. The properties are shownTable 4.8.
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Table4.8 Material propertiesf spring steel used in the finite element analysis.

Description Value
Density (kg/n) 7 850
Modulus of elasticity (GPa) 206
Sheamodulus of elasticity (GPa) 78.5
Poisson ratio 0.31

4.2.4.4 Dual spring set with the original pitch angel of 529

4.2.4.4.1 Solid compression

The major principal shear stress and equivalent von Mises stress for Load Case 1, where the
dual spring set was compressed to its solid length, are showiguines 4.22 and 4.23

respectively.
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Figure4.22 Maximum shear values of stress on the dual spring set for LoadlCase
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Figure4.23 Equivalent von Mises stress on the dual spring set for Load Case 1.

A maximum shear vakiof stress of 765.8/Pa and a maximum equivalent von Mises stress

of 1328MPa were calculated on the outer spring, while a maximum shear value of stress of

795.6MPa and a maximum equivalent von Mises stress of M#7& were calculated on the

inner spring The maximum stresses were found on the inner surfaces of both springs.

4.2.4.4.2 Dynamic loading

A summary of the maximum shear values of stress and the maximum equivalent von Mises

stress on the outer and inner springs for Load Case 2 are presehadteih9.

Table4.9 Maximum stresses on the outer and inner springs for Load Case 2.

Maximum shear gress Equivalent von Mises
. values stress
Description
Outer Inner Outer Inner
spring spring spring spring
Minimum load (MPa) 366.9 373.0 636.7 646.8
Mean load (MPa) 523.9 534.7 908.9 927.2
Maximum load (MPa) 659.8 678.9 1145 1177

The maximum shear value of stress on the outer spring varies betweerMB@6.&nd
659.8MPa, while that on the inner spring varies between 3ViR8 and 678.%MPa.The
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maximum shear values of stress on the dual spring set are presehtgdrean4.24for the

maximum load.

e 4
Tme: 1.002+00

s:850e-408
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0.0000400
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Figure4.24 Maximum shear values of stress on the dual spring set for Load?Case

4.2.4.5 Dual spring set with a modified pitch anglaf 5°

4.2.4.5.1 Solid compression

The results for Load Case 1, where the dual spring set was compressed to its solid length,
indicated a maximum shear value of stress of 5MP@ and a maximum equivalent von Mises
stress of 939.81Pa on the outer spring. maximum shear value of stressai4.4MPa and a
maximum equivalent von Mises stress of 97M@Ra was calculated on the inner sprifge
maximum stresses are found on the inner surfaces of both springs, as skoyundna.25. It

was noted that the inner spring deformed unevenly to the onélbielequivalent von Mises
stress on the dual spring set with the modified pitch angle is shovigure 4.26
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Figure4.25 Maximum shear values of stress on the dual spring set for LoadlQammlified pitch angle
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Figure4.26 Equivalent von Mises stress on the dual spsiegfor Load Cas# (modified pitch angle).

4.2.4.5.2 Dynamic loading

The results obtained from the FEA indicated that the dual spring set with the modified pitch
angle reaches solid compression before the maximum load is reAckathmary of the
maximum shear values of stress and the maximum equivalent von Mises sttieesoater

and inner springs for the minimum and mean loads of Load Case 2 are preséatad #h10.
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Figure 4.27shows how the inner spring is completely compressed with the areas of contact
shown in yellow.

Table4.10 Maximum stresses on the outer and inner springs for Load Case 2 (modified pitch angle).

Maximum shear stress Equivalent von Mises
o values stress
Description
Outer Inner Outer Inner
spring spring spring spring
Minimum load (MPa) 356.5 365.7 617.9 634.2
Mean load (MPa) 505.9 520.5 876.8 902.6

0,0006+00

Contact Status

Figure4.27 Contact status of the inner spring when subjected to the maximum dynamic force.

4.2.4.6 Dual spring set with a modified itch angle of 11°

4.2.4.6.1 Solid compression

The results for Load Case 1, where the dual spring set was compressed to its solid length,
indicated a maximum shear value of stress of MBa and a maximum equivalent von Mises
stress of 331R®1Pa on the outer sprind maximum shear value of stress &4 MPa and a
maximum equivalent von Mises stress of 34B3a were calculated on the inner sprimge

maximum stresses are found on the inner surfaces of both springs, as skayunan.28.
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Figure4.28 Maximum shear values of stress on the dual spring set for LoadlGasmlified pitch angle).

L1

Maximum Principal Shear Value of Stress

It was noted that both springs deformed unevenly to the oneT$ideequivalent von Mises
stress on the dual spring set with the modified pitch angle is shawgure4.29.
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Figure4.29 Equivalent von Mises stress on the dual spring set for Load Casedified pitch angle).
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4.2.4.6.2 Dynamic loading

A summary of the maximum shear values of stress and the maximum equivaléiisesn

stress on the outer and inner springs for Load Case 2 are presehabteith11.

Table4.11 Maximum stresses on the outer and inner springs for Load Case 2 (modified pitch angle).

Maximum shear stress Equivalent von Mises
. values stress
Description

Outer Inner Outer Inner

spring spring spring spring

Minimum load (MPa) 392.6 389.4 684.1 678.5
Mean load (MPa) 575.5 559.9 1003 975.2
Maximum load (MPa) 750.7 745.0 1307 1297

It was once again noted that both springs deformed unevenly to the one side and that the stress
distribution is not uniform, as shown kigure4.30. The maximum shear value of stress on the

outer spring varies between 392.6 and 7B0Pa and varies between 389.4 and 74BHa on
the inner spring.

nnnnnnnnnnnn

Figure4.30 Maximum shear valuesf stress on the dual spring set for Load Cagmodified pitch angle).

4.2.4.7 Structural integrity of dual spring set when loaded unevenly

The additional scenario was evaluated wherein the dual spring set is loadexlyr@nly the
dual spring set with the original pitch angle and Load Case 2 was considered during this
evaluation.To load the dual spring set unevenly, the geometric surface above the springs was

rotated by 10°, as shown gure4.31.
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Figure4.31 Geometric surface above the dual spring set rotated by 10° from the horizontal plane.
The same boundary conditions previously considered were applied to the FEM and the FEA
was repeatedd summary of the maximum shear values of stress and the maximum equivalent

von Mises stress on the outer and inner springs are preseiitziole4.12.

Table4.12 Maximum stresses on the outer and inner springs for Load Case 2 (load applied unevenly).

Maximum shear stress Equivalent von Mises
L values stress
Description

Outer Inner Outer Inner

spring spring spring spring

Minimum load (MPa) 476.8 527.5 826.2 915.2
Mean load (MPa) 614.3 711.8 1065 1236
Maximum load (MPa) 789.2 813.6 1368 1412

The maximum shear value of stress on the outer spring varies between 476.8 andH&9.2

and that on the inner spring varies between 527.5 and BIE&6The maximum shear values
of stress on the two springs are presentddganre4.32.
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Figure4.32 Maximum shear values of stress on the dual spring set for Load?@Qase& applied unevenly).

4.2.4.8 Fatigue life expectancy according to SAE HS 795:1990

The fatigue life expectancy of the dual spring sets were evaluated according H6SS/5,
using Ejuations2.31to 2.32 (SAE AE-11, 1982). The fatigue strength parameters for hot
coiled springs that were shot peened andspteare given imable 4.13. The fatigue life
expectancy of both springs were calculatedables 4.14 and 4.15

Table4.13 Stress correction factors for the outer and inner springs.

e Value
Description Symbol - ,
Outer spring | Inner spring
Meandiameter of coil (mm) D 243 165
Nominal diameter of wire (mm d 35 25
Spring index w 6.94 6.60
Stress correction factor k 1.22 1.23

Table4.14 Outer spring fatigue life expectancy according to SAE HS 795.

Pltcrzoz);mgle Ks1 K so KE No.g;;gt;gue
5.9 0.4892 0.6224 0.2676 2412598
6.2 0.5137 0.6340 0.2678 2401549
6.3 0.5229 0.6383 0.2678 2396794
6.5 0.5393 0.6460 0.2680 2387173
5.4 0.4436 0.6009 0.2674 2428426
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Table4.15 Inner spring fatigue life expectancy according to SAE HS 795.

Pltcr(loz);mgle Ks1 K o KE No.:;(flit;gue
5.9 0.4946 0.6250 0.2676 2410354
6.2 0.5190 0.6364 0.2678 2398873
6.3 0.5276 0.6405 0.2679 2394173
6.5 0.5459 0.6491 0.2680 2382962
5.4 0.4522 0.6050 0.2674 2425815

The results indicate fatigue life expectancies that are belomiién cycles for both springs,
suggesting that both have a finite fatigue [ifae fatigue life reduces when the pitch angle
increases. The spring with a pitch angle of 5.4° shows aldatgue life, however, due to the

notch caused by the contact, the fatigue life will be shorter. The initial and maximum stress
factors for the inner and outer springs are almost the same and are shown in the Goodman

Haigh diagramn Figure4.33. The twored lines intersect at the borderline of the finite fatigue

life curve.

Figure4.33 GoodmanrHaigh diagram representing al® fatigue life (90% probability of surviva{BAE AE-
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4.3 Heat treatment optimisation
4.3.1 Chemical analysis

Chemical analysis was determined to characterise the composition of each spriggadeee
The composition was to be used to devise a unique heat treatment process and select a suitable
guenching oil for each steel grade. The chemical evaluation results are preséatadd4tl6

and the prominent elements are discussed in detail.

The results comply with the respective material specifications. The presence of carbon,
chromium, manganese, molybdenum, silicon, and vanadium contributes towards the improved
strength and hardenability of steel. An increase in carbon improves the hditjeobsteels

during heat treatment, while chromium and silicon also improve corrosion resistance.

Table4.16 Chemical composition of the springs.

Identity/ Samples BS EN 10089 2002, Specificatiorns

Element 55Cr3 | 54SiCr6 | 52CrMoVv4 55Cr3 54SiCr6 | 52CrMoV4
Carbon(%) 0.58 0.56 0.55 0.520.59 | 0.51-0.59 | 0.480.56
Silicon (%) 0.32 1.33 0.28 0.40 max | 1.201.60 0.40 max
Manganese (%) 0.92 0.71 0.92 0.701.00 | 0.50:0.80 | 0.701.10
Phosphorus (%) 0.013 0.014 0.012 0.025 max| 0.025 max| 0.025 max
Sulphur(%) 0.004 0.002 0.007 0.025 max| 0.025 max| 0.025 max
Chromium (%) 0.79 0.75 1.05 0.701.00 | 0.50:0.80 | 0.901.20
Nickel (%) 0.06 0.01 0.01 * * *
Copper(%) 0.10 0.01 0.01 * * *
Molybd. (%) 0.01 0.00 0.19 * * 0.150.30
Vanadium(%) 0.01 0.06 0.11 * * 0.100.20

* = Not specified

All the materials arédow alloy steelswith 54SiCr6 containing approximately 1.33% silicon,
55Cr3 containing 0.32% silicon, and 52CrMoV4 containing 0.28% silicon. The chromium in
55Cr3 was significantly higher compared to 54SiCr6, while the silicon was higher in 54SiCr6.
On the other hand, 52MoV4 contains a significant percentage of chromium and molybdenum
compared to 55Cr3 and 54SiCr6.
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4.3.2 Continuous coolingtransformation curves

The CCT curves of the three steel grades were simulated using JmatPro software by inserting
the chemical compositiasf each steel grade showrFigure4.34into the simulation software.

The CCT curve was used to predict the heat treatment temperatures and cooling rates of the
variobus steels and oils wused i n t hi(Aking, 80 ar c h.
the Ms temperature of 55Cr3, 54SiCr6, and 52CrMoV4 would be 253.3°C3°27 and

265.6°C, respectively. The CCT diagrams for the three steel grades are presé&ingedein

4.34 and assisted in selecting suitable quenching oil in the next section.
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Figure4.34 CCT curves generated using JMatPro of (a) 55Cr3, (b) 54SiCr6, and (c) 52CrMoV4.

4.3.3 Quenchant analysis

This section of the results presents the characteristics and properties of the selected quenchants.
The three steels were quenched with various oils dtleetodifferent hardenability. The oils

werelabelledOil A and Oil B to avoid mentioning brand names and were analysed to determine
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the cooling ratesTable4.17 summarises the quenchants propertiesTaiile4.18 shows the

characteristics of the selected oils.

Table4.17 Quenching media properties.

Properties Oil A OilB
Appearance Liquid Liquid
Fire point (°C) 270 220
Flash point (°C) 235 204
Density (g/cm) 0.884 0.854
Pour point (°C) -12 -15
Viscosity (mni/s at 40 °C) 62 20

Table4.18 Quench test results.

Properties Oil A OilB Unit
Maximum cooling rate 40.09 61.63 °Cls
Temperature at maximum cooling rate 548.00 526.02 °C
Temperature at start of boiling 603.00 619.94 °C
Temperature at start of convection 360.00 331.99 °C
Cooling rate at 300°C 6.22 7.27 °Cls
Time to 600°C 9.89 10.96 s
Time to 400°C 22.98 15.79 S
Time to 300°C 48.23 41.27 S
Time to 200°C 60.18 49.83 s
Theta 1 563.45 616.25 °C
Theta 2 299.28 398.63 °C

Oil A illustrated slower cooling rates that are able to harden 54SiCr6 without causing quench
cracks but is unable to sufficiently harden 55Cr3 and 52CrMoV4. The characteristics of Oil A
were predicted to be suitable for achieving the desired microsteydétar martensite, and
mechanical properties to produce springs from 54SiCr6 steel. On the other hand, Oil B showed
more desirable characteristics to produce springs out of 55Cr3 and 52CrMoV4 steel. The
graphs displaying the cooling rates and convectiones are presented kigures 4.35 and

4.36 Martensite is achieved at coolitgmperaturebelow300°C for all three steels.
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Figure4.36 Quenching media convection curves.

4.3.4 Thermal analysis

The DSC measurements showrFigure4.37 indicate three curves that have an endothermic

and exothermic peak, representing the eutectoid temperatures of the three samples.
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The heating and cooling peak information is summarisetialrie 4.19. The steels showed
distinct thermal properties with 55Cr3 requiring a lower heat flow than 54SiCr6 and
52CrMoV4. In addition, the eutectoid temperature of 55Cr3 was lower compared to 54SiCr6
and 52CrMoV4.
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Figure4.37 Heat flow vs temperature plots.

Table4.19 Endothermic and exothermic reaction details.

Heating Cooling
samples | Time Eutectoid Heat Time Eutectoid Heat
(min) tem poerature flow (min) tempiarature flow
(°C) (mWig) ) (mWig)
55Cr3 6.18 729.58 4246 | 11.98 689.23 1297
54SiCr6 7.70 761.82 4702 | 12.65 713.93 3566
52CrMoV4 | 7.76 766.08 7201 | 12.81 709.67 4769

Figure 4.38 presents the required heat flow over time. The trends of the graphs show that
52CrMoV4 requires a significantly higher heat flow to achieve the eutectoid temperature at

approximately the santeme as 55Cr3 and 54SiCr6.
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Figure4.38 Heat flow vs time plots.

Figure4.39 shows the behaviour of the three materials during heating while purging them with

argon, followed by isothermal treatment for one hour under atmospheric conditions. The graph
for 52CrMoV4 fellbetween those of 55Cr3 and 54SiCr6.

Table 4.20 shows the sample weight before analysis and after heating and atmospheric

exposureFigure4.40 shows the weight gain due to heating and atmospheric exposure.
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Figure4.39 Oxidation in weight percentagvs temperature.



Table4.20 Oxidation characteristics.

Samples Initial weight | Final weight Oxidation Oxidation rate
(H9) (Hg) (%) (Hg/min)
A 9178 10384 11.6 131587
B 9393 9794 4.1 18054
C 6465 6954 7.0 28154
lO; 1.2e+8 A
T 11e+8
= 1048 - -
Z 9.0e+7 A
i’ 8.0e+7 1 & popuyp p m(55Cr3)
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Figure4.40 Oxidation rate at 860°C.

The oxidation rates were determined by plotting the gradient once the graph stabilised. 55Cr3
showed higher oxidation rates, while 54SiCr6 was more resistant to oxidation. Despite the
slightly smaller weight, the oxidation rate of 52CrMoV4 is less thanr530t higher than
54SiCr6.

4.3.5 Critical transformation temperatures

Dilatometric and DSC testing were conducted to establish the exact phase transition
temperatures for the purpose of process optimisdtignre4.41aand 4.41b show the dilation

characteristics of the three steels.
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Figure4.41 Critical transformation temperatures for the three steels: (a) Ac1l and Ac3 and (b) Ms temperature.

220 240 260

The dilation was determined by evaluating the thermal expansion against the temperature,

while the DSC relied on the hedbW. The measured critical transformation temperatures are

presented iTable4.21.

Table4.21 Critical transformation temperatures.

Identity An d.r €W Dilatometer DSC JMatPro
equation
t-errrr?ge?rlg?unre Aci | Acs | Ms | Ac1 | Acs | Ms | Ac1 | Ms | Aci | Acs | Ms
55Cr3 726 | 740 | 255 | 753 | 818 | 218 | 751 | 225| 738 | 741 | 253
54SiCr6 759|945 | 271 | 793 | 846 | 235| 777 | 235| 767 | 775 | 260
52CrMoV4 727|909 | 264 | 772 | 823 | 216 | 762 | 227 | 749 | 750 | 266

The DSC measurements verified the dilatometer results. The actual thermal test measurements
t he

wer e compar

ed

to

JMat Pro

esti

mat i

ons

there was no unanimity between them. The optimisation of the heahd&rgaparameters is

and

largely dependent on the Acl, Ac3, and Ms temperature. A higher Acl means a longer cooling

time.

It is evident from the results that a general approach would be ineffective to optimise the heat

treatment parameters for the three sgeatles. According to the dilation results, 55Cr3 would

require the least amount of time to start forming martensite, followed by 52CrMoV4. It is worth

noting that 54SiCr6 is the most hardenable due to a higher Ms temperature. The austenite

critical transfemation temperature for 54SiCr6 is higher compared to 55Cr3 and 52CrMoV4,

however, it takes less time for austenite to stabilise.

98



The rule of thumb is that for complete austenitisation, the length of time required for steel to
be homogeneous is one hdar a 25 mm diametefManuel and Cerda, 2017Carbon and

other alloying elements require time to be completely in solution €Avi998). It can be
observed fronFigure 4.42 that there is a change in the length of the different steels during
isothermal treatment at 860°C.
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Figure4.42 Dilatometric graphs of (a) 55Cr3, (b) 54SiCr6, and (c) 52CrMoV4 at various cooling rates

The change in length can be describe as phase transformation from a BCC phase to a smaller
FCC phase. This change in length stabdisver time, however, the rate of stabilisation varies
from one steel to anothdfigure4.43 shows that the thermal expansion of 54SiCr6 stabilised
approximately 30 nmutes after soaking, while 52CrMoV4 did not stabilise after 45 minutes of
soaking. This proves that complete austenitisation does not only depend on time but also on
composition. Therefore, the Acl and Ac3 temperatures and the austenite stabilisatame time

to be carefully considered during the heat treatment optimisation préogsie 4.44 shows

the martensite start for each grade of spring steel at various cooling rates.
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Figure4.43 Thermal expansion rates for the thegeingsteel grades.
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Figure4.44 Effect of cooling rates on Ms temperature.

4.3.6 The effect of normalisation on stress relaxation

Deformation and stress relaxation of steels are important functions of spring maimgactu
Springs are coiled to a precise pitch angle and the spring steel stress relaxation behaviour may
alter the pitch angle during cooling, which may result in deficient springs. The truetairess

strain behaviour of the three steels was determin88GC, as shown iRigure4.45

100



140

120

100

80

60

True Stress (MPa)

40

—— 55Cr3

20 —— 54SiCr6
—— 52CrMoV4

0 : : : : )

0.000 0.005 0.010 0.015 0.020 0.025
True strain (mm/mm)
(@) (b)
(c)

Figure4.45 Deformation behaviour: (a) True strasge strain curve, (b) atooled relaxation behaviour, and (c)
stress behaviour during cooling

52CrMoV4 required higher deformation force, while 54SiCr6 required the least amount of
force to deform.

Figure 4.45a and b show that 55Cr3 and 54SiCr6 yielded within the earlier stages of
normalisation cooling, while 52CrMoV4 resembled gradual reduction of thermal expansion
related force. The relaxation &bes of the three steels can be observeHigure 4.45cThe

55Cr3 and 54SiCr6 strain ability were comparable, while 52CrMoV4 has proven to strain more.
This information becomes particularly important for the spring coiling and cooling stage

optimisatian.
4.3.7 The effect of rapid cooling on stress relaxation

The three steels were deformed and rapidly quenched to achieve martensitic transformation.

Figure 4.46a illustratesthat the stress relaxation and phase transformation was completed
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