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Abstract

Technological advances in many areas of the industry require of lighter and stronger
materials. Especially in the tumotive industry, composites have replaced many metallic
components. The scope of this analysis is to determine how appropriate composite

materials are for cyclic loading applications such as in the case of leaf springs.

AISI 4130, AISI 6150, E glass fér/epoxy and S2 glass fiber/epoxy were examined to
determine their fatigue life and failure behavidxperimental results, theoretical
calculations and finite element analysis were performed in order to examine the important
parameters that affect theifate life of these materials, and determine the material that

will have longer life. Induction of a compressive residual stress field in a steel
component, as a result of surface and heat treatment of the material, enhances the fatigue
life of the materialand its performance. Different ply stacking sequences of a laminate

result in structures of different strength and fatigue life.

Among the materials examined AISI 6150 and S2 glass fiber/epoxy have longer lives,
and the steel showed longer lives thae tomposite at higher applied stresses. Hybrid
structures were constructed from AISI 6150 &l glass fiber/epoxy, and examined
through experimental testing and theoretical calculations, in order to determine their

applicability as leaf spring structures.



Comparison of the steel, composite and hybrid structures, together with an economic
analysis of the manufacturing process for steel and composite leaf springs, showed that
composites provide the lightest, stronger and more economical option for leaf spri

material.
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INTRODUCTION

The choice of buying a new vehicle isvalys based on a variety of factors that
emerge from the buyerds everyday needs and
size, horsepower, tque, acceleration, engireapacity together with aesthetics and

design of the vehicle are some of the mapide discussed and researched before the
purchase. Safety and comfort also preoccupy the buyer who wants to have full
control of his/her vehicle when on the road, and a comfortable ride despite the shape
andconditions of the road surfacehe lattercondtions are based onar suspension,

which few perspective buyers care to investigate, but always expect to be of top

quality.

The carriage of the car mdye t he main part of the vehicl
major characteristic thalistinguistesit among other vehicles, and the engine may be

another important vehicle characteristic to those who indulge a little further in the car

facts manuals and magazines. However, the chassie &f the most important pat

of a vehicle as it incorporates akhicle aspects that connect the driver to the road.

The chassis, being the bottom part of a car, includes the tires and wheels that let the
vehicle move on a surface by maintaining the right amount of friction to keep it on

that surface, the steering systehat gives the driver control of the vehicle by

enabling him/her to drive the vehicle to the desired directiorfydinee of the vehicle

that gives shape and holds together the vehicle structure while supporting the carriage

and engine loads, and finalthe suspension system which also works as a load



support of the car parts as well as the compantat facilitatetire contact with the

road surfac¢l].

Vehicle suspensigithereforejs defined as the system of springs and shock alrsorbe
that suppat and protect the vehicle against road conditions. The springs compress
and extend in order to support the car at every upward and downward movement
respectively, while the shock absorbers minimize the unpleasant effects of these
movementd1-2]. Dependig on the area of the vehicle the set of springs and shock
absorbers is found, suspensions are characterized as front orhesr.are various
spring typeaused in suspension depending on the car type, weight and furidten.
springs belong to one of tiellowing categoriegFig. 1):

1 Coil Springs

1 Torsion Bars

1 Air Springs

1 Leaf Springs

COIL SPRING AIR SPRING

=

SINGLE-LEAF (MONO-) SPRING

TORSION BAR SPRING MULTILEAF SPRING

Figure 1: Types of Spring Suspension Systenfi]



Coil Springs are thenost widely known and usegpe of spring. Suspension coil
springs have adiical shape, which through their compression extnsionabsorb
the shocks and maintagquilibrium between the tires and the road. A cqliags

suspension systeimused in most passenger cars nowadlalys

Torsion Barsare mainly used as front fension in late pick up trucknd SUV
models.They differ from the above spring type on the way they absorb, store and
release energy. Torsion bars do not compress or extend, instead they twist and
straighten in order to absorb road shocks. Similar toacwllleaf springs, torsion bars

are made of hedteated alloy stedl].

Air Springs(also referred to as air suspensions) are also used in the same manner and
sometimesin place of coil springs. Made of a reinforced rubber bag containing
pressurized ajrair springs compress and extend due to changes in the air volume they
contain. Air springs providéhe most comfortable rides to the driver, mainly because

of themhaving a variable spring raf&].

From the 19 century carriages to the 1970s calessf springs were the main
suspension system us¢8]. Today leafsprings are used in headyty vehicles,
railroad carriages and many SUVs, while with the introductiofrasft wheeldrive
cars[4], leaf springs in passenger cars have been replaced byuspirsionl].
Leaf springsarebeams of high deflectiof] that can be used individualfs a single

leaf, or in stackedassemblies of up to twenty leayas multileaf[1,5], depending on



the type of the vehicle to be used dvulti-leaf assemblies amore common thaa
monacleaf (a sigle leaf spring, especially in cases where tlehicle load is very

high. The multileaf assembly iscomposedof different length leaf springs tied
together either at the center, the ends, or both, depending on ¢hef typhiclethey

are designed fomwith different types of fasteners. The main, or fiestfis the longest

and is positioned at the bottom of the assembly, followed by progressively shorter
leaves on todl,5]. Sane multileaf assemblies have smallerii e x t r a-eaf mul t i
assembly, thénelperleaves(Fig. 2) in order to provide a larger spring r4fg. Leaf

springs are shaped in the form of an arc, and therefore many times are referred to as
semtelliptical springs[1,4-5]. They are of rectangular crosection and although
originally manufactured at constant thicknessymetimesvarying width, a more
advancednodification is the parabolic leaf spring, which still has a rectangular-cross
section but while width is in most cases kept constaitkness wries. In the first

type of springs the maximum width occurs in the middle of the beam, while this is the

case for thenaximumthickness in the parabolic desifH].

r

=

Figure 2: Multi -leaf spring with helper leaved5]



As mentimed above, suspensisgstems employ the basic cheteristic of springs to

absorb, store and release energy. As the spring goes through these stages the stresses
in the spring do not remain constant. As the leaf spring is loaded it bends in a manner
resenbling part of the arc of a circle. The surfaceshd# leaf spring will, therefore,

change in lengthand the outer/{w surface will be longer than the inner/bottom
surface. The outer surface is said to be in tension while the inner in compression
therefoe a stress is induced in theam[4-5]. If this stresvercoms a maximum

value dictated by the matal and geometry of the sprintailure of the structure will

result. Therefore, each spring is designed with a maximum stress capacity it can store

[5].

Leaf springs are manufactured in such a way so as not only to be employed as springs
but they have all the appropriate parts to be positioned and attached to the chassis for
a proper suspension system. As a resudtnyleaf springs have their ends @dalin a
round shape, ¢ a (Fig. 8ywhithherablds shp leaf spng, erymell

leaf spring, to be attached to the chas3ise eyes, fasteners, bolts, and other
components that enabl e anchor ageacotfi vtehoe
parts of the leaf spring as they do not perform as an energy absorbing, storing and
releasing device themselveghe restof the spring assembly is the actual spring, and

i's termed the fact [5vAsar regulithettotalodss of thecleafl e a f
spring is not fully utilized as a spring, which puts leaf springs in a more
disadvantageous situation when compared to other types of springs, especially coil

springs, because the former are heavier limiting the amount of energy stohed in t



spring at a maximum stress level. On the other hand this disadvantage is overcome
by the design of leaf spring assemblies to incorporate in their shape the appropriate
mounting parts, and the fact tltaey can be useth applicatiors different than tbse

of suspension systems, suabattaching linkagesr structural member{5]. Forthat
reason, engineers and lesgiring designers have tried to design leaf springs in such a
way so as to minimize their weight and make full use of their advantagethigor
reason, multieaf suspensions have leaves of progressively shorter lengths in order to
make the assembly lighter. A modification to leaf springs, leading to weight
economy, is parabolic leaf springs having a varying thickness throughout the leaves.
Parabolic leaf springs are more commonly used today, especially in vehicles where

total vehicle weight minimizing is essentjat5].

i
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A. UPTURNED EYE B. MILITARY WRAPPER C. PLAIN END MOUNTING

D. DOWNTURNED EYE E. BERLIN EYE F. BERLIN EYE WITH MILITARY WRAPPER
w
@ ~ ELD EE -I Ei
G. WELDED EYE H. OVAL EYE

Figure 3: Various Spring Eyes and Bds|[5]



The spring rate and static deflection of a spremg of the most determining
characteristics of suspension spriffgjs The spring rate ihechange in load per unit

of deflection, and static deflection tise distance the spring deflects under the static
load, and is calculated when the static loadivéded by the spring rate at this load
[2,5]. The area under the loaflection diagran{Fig. 4)is the energy stockin a

spring at a maximum stress, but also represents the required mass of the spring.
Therefore, there is a connection between the maxirallowable stress in the spring

and its mass, which declares mass and energy stored as inversely proptortioagl
stress Consequently, the energy stored in a heavy leaf spring at a certain maximum

stress is less than that stored in a lighter s@irige same strefs].

15 DOO|N LOAD

10 000|N LOAD

|
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—100Im_m- —50 mm 0 ' Saﬂmm 10l:'I.mrn
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(@) (b)
Figure 4: Load-Deflection Diagram: (a) stiff, high rate spring with small deflection, (b) flexible

low rate spring with large deflection [5]



Springs, as many structures destined for loading applications, are designed to operate

at a load level that will cause stresses below a maximum stressviéveh may

result in failure of the spring. The maximum amount of load the leaf spang

sustain is called thdesign load5]. When the leaf spring is mounted on a vehicle,
depending on the road conditiotise spring will support a load and according to this

load will deflect a certain distance. The maximum possible of this distarthe,|&af

spring is properly designedill occur belowthe design loadThe difference between

this distance and the springés defl ection
reached is callea¢learance[5]. When the loadleflection diagram for a sipg is

created, the deflection axis mhg separated into two regiong) the left side of the

origin is thestatic deflectiomegion, and on the right hand side is thearanceregion

(Fig. 4).

Stiffness, as the mechanical propentyeasuringthe resisince of an elastic

component to deformation, is a parameter that needs to be considered when

di scussing springs. Since spring riate rela
should also be influenced bywillthéweahght eri al 6
springrate,as more load should be applied to deflect the spring. By the same token, a

flexible, less stiffspring will have a lower spring rat@ig. 4)[5].

The traditional and contemporary mainstream leaf spring material is Btaay
different grades of steels are used in the manufacturing of leaf sphfigsng in the

carbon content and alloyg elements. The weight percent content of carbon or other



elements, depends on the type of leaf spring manufactured, whether doisstdint
thickness or parabolic, the vehicle type, the manufacturing process and many times
the price of raw materials. Chromium and Silica are some of the most common alloy
elements in the raw steel material, while medium carbon §200.60%C)is

usually utilized [4]. Since stiffness variation, as
is negligible among different steel grades, the desired stiffness and consequently
spring rate of the leaf spring is determined by the design of the spring. Parabolic leaf
springs are lighter and more flexible than midaf springs of constant thicknegls

5.

In the automotive world there is constant research for the improvement of various
aspects of a vehicle. Minimizing the weight of the vehicle and enhancing passenger
safety and comfort are some major areas that concern car manufacturers. Improving
leaf spring design and choice of materials for these leaves, can greatly affect these
concerns.In the early 1980s the British automotive company GKa\l stared
developinga composite leaf spring, aiming for a lighter yet stronger alternative to the
conventional steel leaf springs. Similar developments weaézedfor racing and

sports cars, such as in the case Gifevrolet whowas among the first car
manufacturers tincorporatecomposite leaf springs ipassenger car3he Corvette

sports model has composite suspensions that render the vehicle much[Wghter
Comfort is also maximized especially in sports car where the passengers are in closer

contact to the road surfafl].
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The composite materialgsedin the manufacturing of composite legprings,as
suspension systems are known as Glass Fiber Reinforced Plastics (GBRP)A
GFRP, may times referred to as fiberglass, & composite material of two
constituets, a polymer matrix reinforced by glass fibg8$. Although glass fibers
may come as long strandsarroving, or in the form of woven clotithe composite

leaf spring manufacturers prefer the long strands that they thengnapeein a
polyethylene maix [9-10]. Dependingon the manufacturing process, filament
winding or compression moldingunidirectional preémpregnated fibers in
polyethylene epoxy may be usggl. Composites weigh less than metals and have
high strength and stiffne¢8,11], andas aresult they become a good alternative to
steel for the manufacturing of leaf spring suspension systems, as they help in
minimizing the total weight of the vehic|&,7], which may also have an effect in the
comfort of the ridefuel economy anegmissions Past research has shown that fiber
reinforced plastics (FRP) used to manufacture leaf springs diaea satisfactory
results while minimizing the weight of the leaf up to 8%%2-14]. Commercially,
composite leaf springs are used in vehicles where avienght carriage is cruciabs

well as comfort of thepassengerdor example in sports caf$,7]. If a leaf spring

can combine the desirable design properties of stiffness and low weight, while
maintaining good strengthit is worth looking into the r@sons why composite leaf

springs have not yet conquered the suspeasitbermarkets.

As mentioned above, It is always desirabl

consequently that of its suspension. Simass, as well as energy stored, is invgrsel
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proportional to the stress induced in the spring, if the leaf spring operates under a high
stress, the mass of the spring will be low. This mass can be minimized as the stress is
increased, but care should always be taken for this stod$s be destrative for the
spring.Based on th&AE manual on design and application of leaf spridgsthere

are three factors #t limit this stressthe settling under the applied load, which
usually occurs during the first few cycles of the cyclic loading operaif the spring

at high stresses, the fatigue life of the spring, and finally the quality and processing of
the material used for manufacturing the leaf spritrgm the three factors mentioned
above, which affect the operational stress of the leaf sphiggresearch will discuss

that of fatigue life.

The fatigue life of four different materials will be discussed in the following pages.
The fatigue lives of AISI 413CF and AISI 6150 steels will be compared to S2 and E
glassfiber/epoxy compositesniorder todeterminewhether a GFRP is suitable for
operation as a leaf spring in a vehicle suspension system. To arrive to the results of
this comparison, the effects of steel grade and processing during leaf spring
manufacturing on the fatigue life ofleaf spring will be presented. In addition the
difference between the failure mechamssshthe twotypes ofmaterials, the steel and

the compositewill also be discussed.

In more detail,in Part Ithe first section will discuss the manufacturing psscef
steel leaf springs paying close attenttorthe heat treating and surface finish stages

of the processSectionl.2 will present different approaches to estimating the fatigue
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life of metals.The effect ofthe processespresented isectionl.1, on the fatigue life

of the laaf spring will be presented isection |.3 through experimental resultsA
cumulative damage analysis based orreth damage models as developed by
Palmgren and Miner, Broutman and Sahu, and Hashin and Rotem, will show how
damageaccumulates in the two steel materials per loading cycle, and how the fatigue
life of the material can be approximated using these mddetgionl.3.2). Section

.3.3 will discussfinite element analysis resultsing ABAQUS/CAE andfe-safe ™.

The parton steel will be concluded by a brief discussion of the available methods of
repairing leaf springs, and their effectivenéssctionl.4), and primary conclusions

(sectionl.5).

The secongbartof this thesis will discuss thevo GFRPs, E glass f#/epoxy and S2
glassfiber epoxy. Sectionll.1 will discuss the concept of composite materials, their
advantages and disadvantagessédntionll.2 thetwo main manufacturing processes

for composite leaf springs will be introducedue to the anisotropic and
inhomogeneous nature of composites there is a need to develop new theories that will
help evaluate different composite properties. The Classical Lamination Theory (CLT)
will be presented irsectionll.3 to introduce a computational analysis of composite
laminate failure gectionll.4). Sectionll.5.1 will discuss three different stacking
sequences for the leaf spring laminates, and using failure analysis will decide upon
the optimum sequenc®ue to the laminar nature of the composites that preoccupy
this research, an analysis of the composite as a structure, as well as an assembly of

smaller structures is important in order to understand how composite material
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components beve under loading and failureinulations of the fatigue life of both
composites wilbe carried out usinfe-safd" in sectionll.5.1 Furthermore, sing

the three damage models mentioned above, and experimental data from literature, a
discussion of how damage accumulates in each of the two composites will be
presented, and the fatiguéel of each of them will be theoretically calculated and
compared to experimental data section 11.5.3. The above analysis will be
accompanied with experimental data on composite beasaciionll.5.4. The way
laminated composite leaf sprmgnay be rpaired will follow (sectionll.6), and

conclusions on Part Il will be given gectionll.7.

Part Il of this research will discuss a combination of composite and steel materials
for the construction of hybrid structures, which is alstew alternativeo steelleaf
springsin the automotive industryAn introduction to hybrid laminates and hybrid
leaf springs will be given in the first two sexts of this part, followed byailure
predicion using failure theories anlife predicton through experimentaesults

(sectionlll. 3).

Concerningthe case study of leaf sprggand the reasons for which composite
materials would be a good alternative for thanofacturing of these productsn
economic analysis will bgiven in the fourth part. A comparison thie costs of the

two different production lines, for composite and steel leaf springs, will be presented.
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Finally, based on the information gathered from the first four parts of this thesis, an
attempt to sect the ultimate materials afed structure fo applications similar or

identical to suspension requirente will be made in the fifth part
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. STEEL

l.1 Leaf Spring Manufacturing Process

Whetherthe suspension system requires a single sahptical spring or a nalti-leaf
assembly, each leaf spring is produced individually. The raw material of the steel
alloy is purchased in the form of long flat plates. A first step in the manufacturing
process of leaf springs is to cut these plates into the desired lengthlexdftspring.
Cutting of the flat plates is the first step oktmanufacturing procesnd is done

with cutting equipment, thessaw Depending on how the leaf spring will be mounted
on the vehicle, and whether it is going to be part of a fedfi assemly, a center

hole will be punched o the center of theflat plate, which may be of circular or
elliptical circumferencedepending on the spring model. The center hole punching is
done at a punching machinghich drives a hot die through the centertlué plate
creating the holeAgain based on the type of suspensitie ends of the leaf spring

will be processed on the next step. The ends may be trimmed, tapered, cut in width or
formed in a curled shape called the ey&hdd suspension systems requient ends

of the leaf spring, or punched holasthe end for assembly mounting purposes. The
above end formations may require hot or cold processing and are part of the end

forming step, the third step of the manufacturing process of a leaf $psing
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Cutting

4

Center hole formation

4

End formation

¥

Heat Treament
(cambering, quenching and
temperin

Surface Treatment
(Shot peening)

. 4

Assembly and Presetting

Figure 5: Steps of Steel Leaf Spring Manufacturing

The next two step@-ig. 5)in the manufacturing process are the most important in the
production line of leaf spring manufacturira they have a direct effect in the fatigue

life and strength of the end product. The first of these two steps is the heat treatment
process. During heat treating the leaf spring will first be given one of its characteristic
aspets of its shape, its arc shapelled the camber. The process of canrig,
involves heating the leaf spring to a very high temperatnégh varies among the

steel grades of the raw materials, but is usually close t%q46]. Depending on the

thickness and length of the leaf spring, as well as the properties of theatawal,
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the leaf will be placed in an oven for a certain amount of time until it becomes red in
color and ductile enough to be bend to a desired shapeaetHhet leaf will then be
placed in a&amberingchamber(Fig. 6), whichwill clamp it and bend ito the desired

arc radius. Depending on the leaf spring type to be manufactamatbering stations

will vary in arc radii. Theleavesof a multtleaf assembly do not always have the
same cambef4-5,15]; as a result the cambering station should haveargety of
chambers to cover the desired cambering arcs for manufacturing a range of products,
or these chambers should have the possibiligdpiistingto the required dimensisn

for a full range production. The leaf spring securely positiomethe camiring
chamber igmmersed in an oil batht room temperaturand undergoes quenching. It

is then tempered in an oven under a certain temper@o@850°C depending on the
steel grade and leaf dimensioasid for a certain time considering the propertned

the end product should haji5-16].

Figure 6: Cambering station with leaf spring ready for quenching[17]

Surface treatment followlseat treatmenilhe surface of the leaf spring is conditioned
using a peening ¢éatment ad painting[5,15]. The peemg treatment can be either

shotpeaning or stress peeningouring the peening process, which in steel leaf spring
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manufacturing is a cold work process, a metal surface is bombarded with a metal
spherical medium, theshaborder t o i mprove the materi al
surface by inducing compressive residual stresses to that suftat6,18]. The
differencebetween shot peening and strpsgening is that during the second process

the leaf spring is loadednost ofte in the tensile directioror the direction of the
subsequent loading applicatiomhile it is being shopeened5,19]. Strespeening is

a more recent proceduyr&hich gives better results, while however, increasing the

cost of the end producAlthough, both proceduresare used irthe manufacturing

world, shotpeening, for economic and time reasons, is still more widely used in the
industry world[10]. Fig. 6 shows the effects of the twpeenng proceduregor the

induction of compressive residual stresson a leaf spring5]. Shot and stress

peening, apart for the induction of residual stressdso clean the leaf spring surface

from any quenching oifesidies and prepare the leaf for paintijg0Q]. Painting,

usually carried out in a spraainting chanber, gives an aesthetically pleasing finish

to the spring, enables for the | eaf spring
on the leaf, but above all protects the metal from corrosion and similar environmental

effects[5,15].

Following the surfae finish step is the process of eyelimg preparation and the
assembly step. In the formprocessif the leaf springhasan eye endhe appropriate
bushings will be placed in the eye to enable mounting of the leaf spring on the
vehicle, as well as grrequired processing of the eye or bushing such as reaming and

boring. The assembly step, is the final step of the manufacturing process, during

P
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which the multileaf springs are assembled and fastened together, any presetting and
loading tests are carrieénd finally any touch up painting, if requiresuch as
companylogo placement, will be done. Finishing this step the leaf springs are

practicallyready for the aftermarkét5].

DEPTH

- BELOW TENSION SURFACE, mm
TENSION

0.25 050 0.75 1.00

COMPRESSION PRESET

RESIDUAL
STRESS

Figure 7: Stress patterns due to shot peeningiress peening and presetting in the absence of
carburizing [5]

The leaf spring assemblies will face one more process that will affect their fatigue
life, and this is presetting. The leaf spring assemblies are preset under a certain load,
in order for tke leaves to take the appropriate form and direcigoropriateto the

final application. Presetting induces compressive residual stresses to the tension
surface of the leaves, and tensile residual stresses to the opposite surface, the
compression surfacef the leaves. Presetting will also alter the curvature of the leaf
spring. Despite the tensile residual stresses, presetting has a positive effect on the

fatigue life of the leaf spring assembly (Frg[5, 21].
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[.1.1 Heat Treatments

As the name hedteating implies, and as described in the previous section, this step
involves heating themetal piece at very high temperatures and then quenciing
rapidly in an oil bath at a much lowermperature, followed by raising the
temperature to a high leveldkeeping it constant for a certain length of time during
the temperingtageof thetreatmentThe three stages of the héwdating step have as

the ultimate goal to improve the hardenability of the steel materiat, creatinga

martensitic layer belowhe surface of the steel leaf sprii@g-23].

Martensite is an iron alloy phase, due to which steel can demonstrate very high levels
of strength Martensite does not exist in the steel alloy from the beginning, as it is a
nortequilibrium iron alloy phasg24]. As a result, for martensite to exist in the

microstructure of steel, some processing of the steel is required.

The steel gradeused as raw material by leaf spring manufacturerge in the
majority of cases a carbon content betweer0068%C[5]. Looking at an irosiron
carbide phase diagra(fig. 8, it can be seen that the leaf spring steels, also referred
to as spring steels, have a carbon composition below the eutectoid point, and
therefore are called hypoeuteict steels[16]. At temperaturedelow the eutectoid
temperature of 72&, the phases present in the microstructure of these steels are two:
ferrite (U and cementite (R€) (Fig. 8). The most common microstructure of steels
formed below the eutectoid temperature is peaftg. Ferrite is a product of the

solid solution of carbon in BCC+Fe, and @mentite is an orthorhombic unit cell
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containing 12 E and 4C atomd$earlite is composed of both ferrite and cementite in
alamellar structurg23-24]. At the range betweer25°C to 912°C, referred to as the
upper critical temperaturl6], and after the pearlite structure has lost all traces of
cementite ad ferrite the sole phase of the steel microstructure is austénistenite

is an interstitial product of solid solution of carbon in F&€e, where carbon atoms
occupy the interstitial sites of the FCC unit cell of thée atomdq24]. The process
of heating steel to a high enough temperature, is called austeniZ&jpand & the
first stage of the hedteatment step of the manuatering process of leaf springs
during which the leaf is heated to alfeot color.The austenization temperatusé
steels depergbn the carbon content of the steel grade used from the diagram of
Fig. 8 for 0.50.68%C the austenization temperature ppraximately 856C. The
austenization temperaturalso dependson the content of the steel in alloying

element416].

As mentioned before, the microstructure of steel at room temperature contains the
two phases of ferrite and cemeatimostly in the fon of pearlite in hypoeutectoid
steels. Ferrite and cementite wilherefore, have a certain content of the carbon and
other alloying elements, which may not be the same in the two pli&$esAs these

two phases transform to austenite when steel isedaio the austenization
temperature, the content of carbon and alloying elements is not uniform in the
austenite formed. As a result, it becomes important to homogenize the content of
these elements in austenite before proceeding with the rest of thechtaent steps.

The process of homogenization becomes theretreubprocess of austenization



22

during which a homogenized content of carbon and alloying elements in austenite is
attained. The process of homogenizat®a diffusive process based on tesmgiture

and time. Grain growth is affected by the austenization temper#iarefore great

care should be taken inchoosing the right temperature amguration for
homogenization, in ordeio avoid rapid grain growthwhich may have a negative

effect on the toughness of the material [18s a result, homogenization and grain

growth should be taken into account in order to choose the appropriate austenization
temperatur e, as wel |l as the sté&eHeats car bot
Tr e at ede:dPsacticgs and Procedures for Iron and Stemlggests as typical

normalizing temperatures for AISI 4130 steel @@&nd 870C for AISI 6150 steel

[25].

When the steel microstructure has been fully austenized awmdnmgosed ofa
homogeneous content carbon and the rest of the alloying elements, the next step of
the heatreating stage of manufacturing follows. This is the step where austenite is

cooled to create marisite.

In the manufacturing process of leaf springs the step that follows hdagihegaf to a

high temperaturas oil quenching. Cooling the austenitic steel to an oil bath at room
temperature dictates a very rapid cooling rate, i.e. the temperature of the austenized

steel drops by hundreds of degrper secondi5]. Following a phas diagram, as the

one of Fig.§, cooling austenized steedtuebdtloul d <che

to pearlite. However, if the cooling rate is very fast, the austenite will become
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unstable as the temperature drogsd due torapid coolingthe typial diffusion

controlled transformation to pearlite will not occur. Instead a diffusionless

transformation will take place, during which the crystal structure of austenite

changes, and martensite is fornja€].
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Figure 8: Iron -carbide phase diagram[16]
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As mentioned above, martensite is a #eguilibrium alloy phase anthis is why it
does not exist on the phase diagramrah carbide Fig. 8). Such phases are called
metastable as an exampl®ainite is another one of these pbga[16]. Martensite
forms because the FCC structure of austenite cannot transftsra BCC ferrite
structure(Fig. 9). The reason®bstinatingthis transformation depend on the high
carbon content of the austenitic steel, which is much higher thanlldvealale
amount of carbon conterthat can dissolve in ferriteThe resulting structure,
martensite, has a bogyentered structure that is tetrago(BCT) (Fig. 10) instead of
cubic (BCC). The extent to which the crystal structure distorts is dependetiteon

carbon content of the stg@i3-24].

Body-Cantered Cubic (boc) Face-Centared Cubic (foc)

Figure 9: BCC and FCC crystal structures of iron[16]

Range of positions
for iron atoms

Figure 10: BCT crystal structure of iron [16]
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During the quenching process, the cooling rate of thé st@@ponent is not uniform
throughoutt h e ¢ o mprosasection.GTke cooling rate is proportional to the
thickness of the ledfL6]. The first part of the leaf spring to cool during quenching is
the outer surface of the leaf. The inner layer toware<stine cools due to conduction.

As a resultthe thicker the leaf the lower the cooling rate of the core, and the higher
that of the surface. This difference in cooling rates, resullgferent microstrutures

of the surface and the core, and as a tafifferent properties of these parts of the
leaf [16,26]. This variety of microstructuseand the thermal contractionsyre
responsible for the induction of residual stresses in the leaf, which can affect the

performance of the leaf sprif$6-18,272§].

The residual stresses induced in the steel because of the quenrduegs and tle
distortion of the crgtal structure of martensjtare the reasons why quenched steels
have very high hardness and strength, while on the other hand demonstrate poor
ducility and low toughnes$16]. The hardness of the martensitic steel is dependent
on the microstructure of the stedts carbon contentind presence of alloying

elementg16].

Depending on the carbon and all oyturmg el eme
that triggers the transformation of austenite to martensite may Magysamepplies

to the temperature at which all austenite has been completely transformed to
martensitg 16]. These two temperatures are the martensite staytaihddl martensite

finish (M) temperatures, respective[\t6,29]. A general rule is that the carbon
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content is inversely proportional to sMind M¢, and alloying elements, with the
exception of Cobalt (Co), decrease these two temperafi6e23]. As austenite
transforms to miéensite, during quenching, there is always the risk of the generation
of cracksor distortion of the materiallhese undesirable effects are due to the large
temperature gradients that develop in the steel conmpaheing the cooling process.

To avoid seh detrimental for the component effedise cooling rate between the
start and finish martesite temperatures should be low. Howevarhigh rate is
required above the Memperaturdo make sure that all austenite will transform to
martensite. To regule these rates, and avoid the undesirable cracking and
distortions, the quenching medium should be chosen with care, and detailed
examination of Continuous Transformation (CT) curves for the materials, and the
cooling curves of the quenching mediursisould take place Oil quenchants are

preferable and currently used in the quenching stage of leaf spring manufacturing

Due to its BCT structure and the compressive residual stresses induced in the
martensitic leaf spring, thkeaf is brittle and has low tougiess[16]. As a result,
although the structure has a high strength and hardness, it is prone to brittle failure.
Consequentlyfurther processing is required to render the material appropriate for
load carrying, cyclic applicatianHeating the leaf to eelativelow temperature, and
keepingit at that temperate for a defined time intervalill further alter the
microstructure of the leaf spring metaln the beginning of this process the strains
produced during the martensite phase formation are rdligZ@ followed by the

diffusion of carbon in the BCT martensite. This results in the formation of small
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carbides in the martensifé6]. In the casedhat the quenched steel microstructure
containstraces of retained austenite, tempering will allthweir decomposition into
carbide and ferrite. The carbslérst formed in the steel areetastableand as
heating is extended to a higher temperature, theseaquaiibrium carbides transform

to cementite, which is a stable ph§$6]. During this heating stagle distortionof
martensite is reduced, and the release of the internal strains reduces the induced
Sstresses in the materialds microstructure.
leaf spring, although some of the hardness, strength and wear n@sista
characteristics of the leaf spring are sacrifi¢@d]. This last stepof improving
hardenability isempering This is also the third stage of the h&@ating step in the

leaf spring manufacturing process. Tempering times and temperatures can be
regulated in order to achieve the desired mechanical properties of the component in
guestion[16]. The effectof temperingsteel on the stress strain relationship of steel is

shown in comparison to quenched steel in Fig.

Sirain

Figure 11: Effect of Tempering on stressstrain relationship [30]
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[.1.2 The Role of Carbon ntent and Alloying Elements

Steelgrades used as raw materials by leaf spring manufacturers have different carbon
contents, ranging between @3%8%C|5] as previoust discussed, but sb different

alloying elementsat different concentratian

Carbon is the main element in stelélis the element that enables the keaating

processes to start armk completel due to the fact that carbon is more soluble in
austamite than ferritelti s r esponsi bl e for thgeauchiggt al sé st
toughness and other mechanipabperties that define how easillye steel can be

machined and processed. The carbon content of steel is proportional to the gropertie

of strength and hardenability, and inversely proportional to ductility, toughness,

workability, and other properties determining processing of the mgtesial

The choice of the rest of the alloying elements in steel depends on the desired
microstructire and propertiesas well asprocessingof the alloy metalas in heat
treatmerd, especially temperin§fl6]. As mentioned above, alloying elementay

lower the start and finish martensite temperatures, but will also affect the tempering
rate of marterite by affecting the type of carbides formg8]. Alloying elements,

such as chromium (Cr) and cob@Bio), increase hardenability, as they influence the
carbon diffusion, lowering it due to their atom interactions with the carbon atoms.
This way, thered more time for the formation of ferrite and pearlite. Alloying
elements can therefore be chosen in such contents so as to regulat@ehnieprof

the metal and resuih steelof high hardenability and good strength and toughness
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[16]. Tablel is a sunmary of the most common alloying elemeatslimpuritiesin

leaf spring steels and their role in the steel all¢$1].

Table 1: The role of Alloying Elements and Impurities in Seel

Alloying Elements

Chromium (Cr)

Provides soltion strengtheningo ferrite, increaselardenability inmedium carbon steel:
and is responsible for the strength and oxidation resistance of steels at high temperat
high concentration above 11.5% its reaction with oxygeotepts the steel froraorrosion
and oxidation, and becomes the basis of stainless steels.

Manganese (Mn)

Present in the majority of commercial statel prevent sulfur embrittlement due to the sul
impurity presence. Responsible for the strength of steel, as it soluteygtétens ferrite ani
refines pearlite. Increases hardenability. For contents above 2% irsstsdembrittlement

Molybdenum (Mo)

Solution strengthens ferrite, and enables carbide formation. Usually present in steel t
with chromium and nickelmproves hardenability, especially in high carbon steels. Ope
as a barrier to temper embrittlement, indisecondary hardening during tempering
guenched steels.

Nickel (Ni)

Increases hardenability, esmly in medium carbon steelResponsit# for the increase i
notch toughness. Usually used in comhoratwith chromium in steels to ohin high
hardenability, impact strength and fatigue resistance.

Vanadium (V)

A strong carbide former, better than Cr and Mo. Affects positively grain reéinesnd
secondary tempering during tempering. Responsible for the strength and toughnes:
alloy, forms carbides that provide wear resistance and high temperature strength to the

Impurity Elements

Aluminum (Al)

Helps control grain size, espally that of austenite in reheated steel.

Phosphorus (P)

Has similar detrimenteeffects as Sand its combination with iron to form iron phosphi
reduces steel toughness. During heat treatment, it segregates and becomes respo
temper embritement. On the other hand, it may work as an iron hardener.

Silicon (Si)

Similar to Al, Si works as a deoxidizdts combination wittboxygen enables the formation
silicates, which in turn prevent porosity of steel.

Sulfur (S)

A dangerous impuritypresent in steels. Its combinatiwith iron towards the formation c
iron sulfidesis responsible for steel cracking in cold and hot working processes.
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I.1.3 Residual Stresseand Residual Stress Relaxation

Inthe precemigd i scussi on t hesi duaibsheemnneatisned
relation toheattreating (quenchingand shot peening processes. As a metallurgical
term defined in CASTI Metals Black Book, a residual stress stress present in a
body that is free of external forces or therrgeddients[16]. Residual sesses may

be eithercompressiveor tensile, and depending on the material and its applications

may have a beneficial or detrimental effect on the comp&patformanc§l6,32].
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Figure 12 Residual Stresses in unotched beamnder bending[21]

Fig. 12 shows an unotchdaeam of circular crossection made of an elas{ierfectly

plastic material, and subjected to a bending moment of varying magf{iid& he

stress profile at two different momenssshown in diagrams (a) and (b). From the
momentversustime graph (diagram (d)), it is obvious that the first bending moment
is of lower magnitude than the second, while the beam is completely unloaded at

point 3 on the graph. Diagram (a) shows thatsiness profile in the beam is linear.
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As the moment is increased the surface of the beam starts to yield, and this is obvious
from the stress profile in the beam as shown in diagram (b) oL Eids the moment

is reduced to zero magnitude, there id stiktress distribution in the beam (diagram

(c)) that of the residual stressDiagram (e) of the same figure, is a graphical
representation of versugimebBha strésses duemmmentse str es
1 and 2are equal to the yield stresétbe material, meaning that the surface loé t

beam has undergone yielding and elongated. When the bending moment 2 has been
released, and the beam is not loaded at all, the stresses and strains should return to
equilibrium. To counterbalance for the stresdas totension yielding, the beam is

now in compression despite the fact that it is not loadedl.dt is said that the beam

is in residual compression atige stress profile in diagram (c) and point 3 in diagram

(e) show the compressive nature of thesedual stressg21,33-34].

Residual sesses are therefore, the outcome of-noiform plastic deformations on

regions of a component. They may also be the result of volume changes during phase
transformation$35]. Depending on whether they are témsir compressive, they can

be detri ment al or beneficial, respectively

regards to failure and fatigyi28,32].

Processes that induce residual stresses may be mechanical or heat processes. In both
cases nowniform, permanent deformations affect the component in quegRin
As discussed in the previous section during a thermal process, as-treh@ag of

steel leaf springs, the steel is heatddmpedin the cambering chamber and cooled
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rapidly in the oilbath.The process involving restrained expansion and contraction of

the leaf spring, causes permanent deformation locations in the material, and therefore
induces residual stresses. Residual stresses due to a mechanical process, as will be
showvn in the folowing section (1.4), are also the result of namiform plastic

deformationg32].

In regards to the fatigue behavior, residual stresses are more effective the
initiation life (which correlates with.ow cycle Fatigue Life(LCF) [21,32]), dnce

failure begins, in most casem) the surface of a componetie tostressing under
tensile loads. A a result,compressive residual stress fidldRSF) may reduce the
effects & the applied tensio32,35] In general residual stresses have a similar
effect on the fatigue behavior of components, and are of the same magnitude, as

mechanically imposed static stresps).

Residual sesses are very important in the leaf spring manufacturing technology, and
apart from heat treatment there are other treasriennduce them in the leaf spring
surface, such as surface treatmeHiswever, although compressive stresses have a
very positive effect on the leaf spriisgperformance, their induction is not permanent,
and there exist a variety of factors that mayuse their relaxationSuch factors
include heating or operation at higémperaturesoverloading and cyclic loading

[21,28].
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Farahhi et al. tested 60SC7 spring steel specimens in torsion and observed, with the
help of an XRay diffractiormeter, that ta residual stress field on the surface of the
specimens tested reduces during the fatigue life of the steel. Observations lead to the
conclusion that a decrease in the compressive residual stress field begins after the first
few cycl es of ifetahdecontnoes thmugleont thé cycling application.
However, when the loading was higher the compressive residual stress field decrease

was faster36).

Menig et al., in their study of quenched and tempered AISI 4140 steel rods, also
tested under torsh atR=0, observed a quastatic reduction in the residual stress
field of the shofpeened components, and an even greater reduction in the stress

peened one@ig. 13)[37].

A progressive decrease in residual stresses of fully reversed cycled stesbsavas
observed in the study by Capello et al., who noticed a decrease in residual stresses
from the first cycles and a stabilization of the relaxation pastyli€les B8]. Similar

results were given by Torres and Voorwald, who noticed a 50% relaxatithre in
stresses of rotating bent quenched and tempered AISI 4340 steel betaed 10

cycles B9Y. lwata et al. studying the effect of shot peening on the fatigue fracture of
as quenched martensitic steel also detected relaxation of residual strelssesr at

lives [4Q].
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Figure 13 Residual Sress Relaxation of shot peenedtress peened and warm peenadhder
torsional loading [37]

The reason behind stress relaxation is based on the fact of superposition of the
residual stresand the applied stress exceeding the yield strength of the component
tested [338,4]. Bergsttbm et al. compared specimens und&r-1 and R=0,
concluding that relaxation is indeed present from the early cycles &der(Fig.

14), especially in the axiairection, but only present just before failureRatD. As a

result, they drew a final conclusion that relaxation in axial direction occurs during
compressive loads and depends on the loading range, while in the tangential direction

relaxation exists bus smaller #1].

As a result shot peening, and many other surface treatments inducing residual
stresses, have a shortcoming; that of stress relaxation during cyclic. Therefore, when
designing a component that will be surface treated by a peeningsgroce

appropriate peening intensity should be chosen with care, and knowledge of the
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possible stress relaxation should be considered. Relaxation of residual stresses may
also exist in other treatments involving reduction of residual stresses, such as
carlurizing. However, in the case of the experiments carried out on carburized
components for this research relaxation of residual stresses was not obvious from the

results.
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Figure 14: Stress Relaxation of notched components undé&t=-1[41]
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[.1.4 Surface Treatments

As the term suggesta s ur face treat ment gssrfadeime condi
order toimprovet h e properties, or appeafaaence of
treatments may be chemicalch as nitridingmechanicalsuchas shot and stress

peening or therma) suchas carburizing42-43]. In the automotive industryshot

peening and carburizing are of the most commonly used surface treatments.

Carburizing is a thermal process during which the austafitew carbon steels
interacts with a high carbon atmosphere, when heated below the melting point of the
alloy. Through a diffusive mechanism the steel surface absorbs carbon, thus
increasing the concentration of this element in the dli®44-45]. As the carbon
content on the steel surface increases, the hardness of that surface inertdasds
affecting the hardness of the core. Depending on the application of the steel
component being carburizethe depth of the carburized surfatey be up to 64

mm. This layer of the metal surface whose carbon content and mechanical properties
change due to the surface treatment is cadlese depthDuring carburizationthe
amount by which the carbon content of the steel surface is increased depends on the
temperature at which the process takes place, as well as its duration. Temperature and
duration also have an effeoh the size of the case deptlh.onger times and higher
temperatures result in higher carbantents and dpper case depth&ig. 15) [44-

46].
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Figure 15: Vickers micro-hardness pattens for AlSI 8620 steels carburized at different case
depths[46]

Shot peeningas explained previously, is a mechanical surface treatment during
which the surface of steel astically defaomed by its continuous Inabardnent of

small, most often steel, shots. Depending on the effect of the shot peening, and the
material being treated, the diameter of the shots variesintensity of shot peening

is also variable, and is measured usihg Almen scaleThe duration of the shot
peening processs determines the coverage of #&enge meaning the area fraction

impacted by the shoi{d7].

Shotpeenng coverage is mosgiften assessed opticall#8], and may exceed 100%,
many times reeghing even 1000%49]. As the coverage ineases, and the process of

shotpeeningtakes longer to complete, the unifaty of a compressive residual field
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on the surface of the componamtider treatmenbecomes bett. It is believed tha
100% coverage providese appropriate uformity of surface compressiameeded to

improve fatigue lifg47].

As the shots hit the metallisuface during the peening process, they ereat
indentations at the region of impact, due to the fact that they plastically deform that

region. Upon unloading of the impactdm the shots, the indented regions tend to

expand. However, their expansion is restrained by theptamtically deformed metal

layers belowin the subsurface of the component. This restraining is compressive. As

the shot frees the indented arealyon a parti al amount of that
recovered. As a result only elastic strains recover, and plastic strains still remain due

to the plastic deformn. In an effort to attain the stress and strain equilibriu

existing before the shot peening process, and its results, a layer of compressive

stresses is left on the subsurface, and a tensile stress layer él@w it

The intensity of shopeening is measured in the Almen scale. The Almen intensity
does not prvide information on the residual stress field pefivhich isimportant in

fatigue [49,5252]. Thee are three different Almen scales, A, N and[&3],
depending on the way the measurements are taken. Almen intensity increases with
increasing shot sizehut high Almen intensity does not mean necessarily higher

residual stress valu¢3642].
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There are a variety of shot sizes and materials that will impact differently the surface
under treatment, and as a result a different residual stress field wiéaied on the
surface of the component. The degree of shot peening a component has suffered is
measured by the shot peening intensity in the Almen scale. Shot peening is a surface
treatment process, and consequently only affects the surface of the camaode

not its core. M. L. Aggarwal et a4®] show in their research that the beneficial effect

of shot peening on the fatigue life of steel, is not always increasing with increasing
shot peening intensity. In the corresponding study, Aggarwal et al. tad for the
EN45A spring steel, increasing the shot peening intensity has a positive effect on the
fatigue life of the steel up to an intensity of 17 A. As the intensity is further increased,
the fatigue life of the steel becomes shorter. E&yshowsthe SN graph from the
Aggarwal et al. study, giving proof that at 22 A the fatigue life is shorter than at 17 A.
Farrahi et al. 36] in their research of residual stresses, show that there exists a
correlation between the fatigue strength of a compoaeditthe area under the curve
showing the distribution of residual stresses in the component. It is argued in their
paper that fatigue life improvements are based on the maximum residual stress and
the depth of the plastically deformed lay86][ The dange of overpeening to the
fatigue life is an eminent one, and the appropriate shot peening intensity and residual
stress depth can only be defined empirically through knowledge of the material and

its applications$2).
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Figure 16: S-N Curves for shot peened EN45A steat different Almen intensities[42]

Both carburizing and shot peening will induce compressive residual stresses in the
treated surface layer of std2B,32,45]. Due to the increase of carbon content in the
carbuized surface, the steel ceases to have a homogenized microstructure, especially
if carburizing is donaftera heattreatingprocessThe volumetric changes occurring

in the steel due to the carburizing process result in compressive residual stresses
[16,35]. On the other hand, during shot peening the surface is being plastically
deformed by the fast impact of the steel shots and is subjected to residual tension
while the core is in residual compression. This residual compressive layer is about 1
mm in deph and has a value of up to half the yield strength of the maf2tigalin

the case peening coverage is extended too far into the materaktended peening

time, and stress intensity increases to a critical value, depending on the material and
geomety under peening, the tensile residual stress region extendsucio causing

fatigue failure[42,50].
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|.2 Fatigue and Fatigue Life of Seel

In 1964 The International Organization for Standardization in Geneva, published the
definition of fatigue in theaportGeneral Principles for Fatigue Testing of Metas

follows [28]:

A Fatigueis the term that) applies to changes in properties which can
occur in a metallic material due to the repeated application of stresses
or strains, although usually this terrapplies specially to those
changes which lead to crackiogf ai | ur e o

All structures will fail at some point during their application. Depending on the
material, geometry and application of the structtag#ure may occur at or below the
maximum tenge strength of the material. The concept of fatigue refers to failure, as
demonstrated through fracture, when a structure is subjected to repeated or fluctuating

stressesfailing below its maximum tensile strendit®,21].

There exist different typesf fatigue depending on the environment as well as the
way the cyclic loading is performed. As a result, there exigepfatiguewhen the
cyclic application is associated with high temperatutkermomechanical fatigue
occurring in situations when apdrom the cyclic loading, temperature fluctuates as
well, corrosionfatigue where the environment of the cycliapplication may
chemically affect the component or cause its embrittlenretling contact fatigue
where apart from the repeated loading thenponents exhibit rolling contact between
their materials, andretting fatigue a very common problem in multeaf spring

suspension systemsyhich is due to cyclic stresses occurring together with an
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oscillatory motion and frictional sliding between fawwesof the component being
cycled[28]. However, the simplest type of fatigue, which will preoccupy this thesis,
is mechanical fatigueand is the result of fluctuating stresses or strains applied

externally to a componeifi28].

The concept of fatigue nagive great insight to mechanics and engineers on how and
why cyclic loaded structures fail, and how they can be properly designewitb &
delay their failure. It is only reasonable therefore, thsince the early 19 century
engineers and scienssif thetime working on metalsstartedexperimenting on and
studying the concept of fatigue. Carriages and traiase of the major means of
transportation ofthe time, and aliough carriage suspension h#&wubled the
mechanics of the time, railway aceitts made imperative the improvement of
railroad axles, bridges and train suspensittnsasthe railway therefore that drew
more and more the attention of sciersteshd engineers to study the fatigue of metal
structures and especially those made eél§£28,33]. Among the major contributors
to the study of fatiguevorth mentioning ar&Vohler, Gerber, Goodman, Bauschinger,

Palmgren, Miner, Coffin and Manson.

August Wohler, in 1860, was the first to carry a systematic study of railroad axles

fatigue failure and to observe that the static strength of these steel axles was much

hi gher than their strength under <cyclic | o
the primary fatigue analysis methods used todeaning the stredde approach (S

N curnes), as well as the concept ehdurance limit[28,33]. In 1874 Gerber
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developed the methodology for fatigue design, and calculation of the fatigue life
under different levels of ©jic mean stresses, also studm®dGoodman in 1899he
concept of fatiguevas further investigated and developéd include the damage
accumulated in the material leading to catastrophic failure, and this work is attributed
to Palmgren (1924) and Miner (1945), while further work discussing the effect of
plastic strains in cyad damage was initiated by Coffin (1954) and Manson (1954)
[28]. Engineers are still studying the concept of fatigae it is one of the most
common reasons of failure of structsir@perating under cyclic loading. Since the
1970s the concept of fatigue obmposite materials has also been preoccupying

engineerg8].

Metal components fail though initiation and propagation of a crBo&.degradation
of the properties of a component under cyclic loading leading to failure, is

characterized as fatigue damaged is demonstrated in the following or{lz8]:

1. Changes in the substructure and mitwagure of the metal
componeniead to nucleation of defects, and as a result a damage
of a more permanent nature.

2. Cracks are created in the microscopic level.

3. Microcracks start growing and propagation of these cracks begin.

4. Macrocracks propagate.

5. The componenbecomes unstable or fails through fracture.
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These stages are influenced by the environment or the loading application, the
microstructure of the component,&sll as mechanical factors such as loadi2fgj.

The fourth step in the order in which fatigue damage is demonstrated, discusses the
fine line that exists between the initiation and propagation of a ¢28:B2]. Unless
otherwise mentioned, the fatigué materials is investigated on the pretext that no
prior damage, flaws or defects exist in the material. As a result, the fatigue life of a
component is the number of cycles a component can withstand without {&iling

The fatigue life of the componembncludes when the component fails, usually
through fractureThe fatigue life of a component therefore, includes two phases: the
number of cycles required to cycle the component until the initiation of a crack, and
the number of cycles the component ighar cycled until this crack is propagated to

a critical size that leads to fract8,32]. The former phase is termed tingiation

life, and the latter thpropagation life(Fig. 17) [21,32]. Distinction of the threshold

life cycles between thénitiation and propagation livesis a cumbersome task to
complete, and it is beyond the scope of this thesis. The current study viié based

on distinguishing between théwo phases of fatigue life. Aitructures examined will

be assumed as flawless, uslegherwise specified, and failure will be understood as

the catastrophic failure of the component due to fracture.

There exist three primary methods to discuss and evaluate the fatigue life of metal
componentsthe stresslife, strain-life and fracture mechanics approach21]. The
stresslife approach is the first method developed to examine and evaluate metal

fatigue and is based on-8 diagrams developed by Wo6hIg33]. The stresslife
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approach uses the stresses applied cyclically on the componenestog and
defines the number of life cycles the component performs without failure under these
stresses. Thetraini life method on the other hanthtroduced approximately one
hundred years aft&Wohleb s st u di e g33], usas the diran respbebod the
componentThe stressandstrain-life approaches are also refertedogether asotal-

life approache$28]. Depending orthe number of cycles that are needed to lead a
steelcomponent to failure, the fatigue life of a component is divided/dst low

cycle fatigue (LCF), for components that survive between 10 ahdytes, and high
cycle fatigue (HCF), for components that survive an amount of life cycles abdve 10
[32]. The upper limit of LCF may be large, but depends on the material of the

component examing@1].
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Figure 17: Init iation and Propagation Lives[32]

Stressand strain-life approaches have some differences between them and therefore

the one cannot be used instead of the other in all applicafidres stresslife
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approach assumes that all stramshe component are elastic, and as a result, fails to
interpret the true stresdrain behavior of the material considered. Therefore, the
stresslife approach is more appropriate for situations where fabftiee component

is due to low stresses that deform the material mainly elasti€aith situations have
fatigue liveslying in the HCF region[21,28]. On the other hand, thstrain-life
approach is used in situat®mhere the response of the componanter cyclic
loading is due to strains or deformatif#i,33]. There are casdwwever,when the
load applied is low enough, so that the stresses and strains are related to each other
through a linear relatignas a result, botktressand strain-life appoaches may be
used equivalently21]. A material that fails too soon in the areal@iF is subjected

to high stresses that may cause plastic deformation to the mdiefak itfractures
Such situations should be evaluated usingstin@in-life approab [21,28]. Notched
components aralsobetter evaluated using tlsérain-life approach, as plastic strains

are developed in the vicinity of the notch due to stress concentrg2igns

The fracture mechanicsapproachis used to estimate the propagatiofe Iof a
componentKnowledge of an initial crack size is required when using this approach;
otherwise a good assumption of the initial crack size should be made. If the
component is considered flawless at the beginning of testirdgracturemechanics
approachis used to evaluate the propagation life, atdhinlife approachwill
evaluate the initiation life, once the propagation life is subtracted from the total life of

the component, as evaluated usingdtnain-life approactj21].
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l.2.1 Stresslife Approach

The stresdlife approach is represented with the aid eN Sliagrams, commonly
referred to in Europe as Wohler curvébe SN diagrams plot the alternating stress,
S, versus the cycles leading to failure,(fNg. 18) [21]. Not all components ued
certain cyclic loads have exactly the same fatigue Ween similar specimens are
tested undethe same conditions, scattering of data will be observed in most of the
cases. This scattering does not necessarily indicate errors in fEstregluresbut is
mainly a characteristic among metallic compondB&. The amount of scattering is
often measured using the standard deviation of the data, and is obskearetis
scattering is related to stress and appears larger at stresses just abatiguehbmit,

an important parameter in the characterization of fatigue life that will be discussed in
later sections, and smallest at high stref3&Js For this reason, many triadhould be
madeto measure the fatigue life under one loading conditiororder to collect
enough data poistto acquire a representative mean value of the fatifeig35].
Depending on the complexity of the loading, environmental conditions and geometry
of the componentthe number of repetitianof the tests will vary. Howeer, it is
common to usé¢hree to five data points to determine the mean value of a fdiigue

at a single stress levi85]. These mean data points are thentptbbn anS-log N

plot, and compose straightline representation of the fatigue life of theaterial[21].
Although traditionally, the alternating stress, S, is plotted ernv#rtical axis of an-S

N curve maximum applied stress ), or other combinations of stresses applied,
strengths, or the linearization of the applied stress are somepioisd on the

vertical axis of the & diagram[35].
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Figure 18 S-N curve for AISI 1045 steel [21]

The SN diagramsare not the saméor all types materials. A special case ofNs
diagrams is that of BCC steels. As showrrig. 18, the SN curve of the steel has a
descending slopeshowing that at lower alternating stresses the number of cycles to
failure is larger. As the curve enters the HCF region, abo%ecyides the curve
becomes horizontal, showingat at the curm stress levethe life of the steel
component tends to approach infinity. The stleselwh er e t hi s fAinfinit
life occurs is common in BCC steels and is termedetiduranceor fatigue limit(Sy)

[21]. For convenience, it is common to consither fatigudimit to equalthe stresses
level at10® cycles[21], unless experimental data shows otherwitmwever, based

on the scattering of data points, it is hard to conclude one value fatithee limit It

is often the case, that instead of aam&alue SN curve, a plot of a family of curves

is used to represent the fatigue life of a component, where eldotuf/e indicates a

probability of failure. The curve representing longer lives is th#th@highest failure

probability (Fig. 19) [35].
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Figure 19: S-N probability curves for the fatigue life of 7075 aluminum, loaded aR=-1[35]

The existence of thiatigue limitdepend®n dislocation sites in the microstructure of
the steel. When carbon or nitrogen occuprstitial sites in the iron atom, these
dislocations are pinned, and formation of microcracks is prevented as the slip
mechanism is naset in motion. Consequently, tii@igue limit depends on factors
that may affect or prevent the pinning of these daioos, such as a corrosive

environment, high temperatures, or periodic overl¢ats
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|.2.2 Mean Stress Effects

While dscussing thestresslife approachthe concept ofalternating stresswas
mentioned. When a component undergoes cyclic hopdi is subjectedo two
different loads, whether they are equal in magnitude and opposite in direction, or
imposed along the same direction and they differ in magnitude. Theseploalice
corresponding stresses that are responsible for the way theamatk fatigue. The
stressamplitude(liy) therefore is theone half the differencthetwo different stresses
as shown in Eql. As seen from Eql the stress amplitude depends on another
parameter, thetress rangdmJ, which is the difference betwedhe maximumand
minimumstressapplied to the component being cycl&tihile the stress amplitude
shows the average value of thieess rang&here the component is cycled, there is
another important parameter when discussing fatigue. This parameter mgedm
stress ((), whichas will be shown later, has a significadfitect on the fatigue life of
the componentfThe mean stress is expressed as onedfatie sum of themaximum
(Omay) andminimum(linmin) stressespplied (Eq2). Themean stresaffects the fatigue
lif e of a component depending thre way the component is cycled, which is defined
based on the relationship between thaximum and minimum stressgal,28,33].
The relationship between these stresses is expressed witadh&tio (R) (Eg.3). R

is negatve when the loading is characterizedrasersedwheremaximum stress and
minimum stresshave opposite valueR is positive wherthe maximum and minimum
stressesire both tensilewhen theload ratio equals 1the loading ismonotonic, with

no stress vaation At R=0t he component é6s fatigue is char

Finally atR=-1, fully reversed loading occurs, where theximum stress is tensile
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and the minimumstresscompressivg21,28,33,5]. Anotherratio often related to

mean stress theamplitude ratio(A) relatingstress amplitude and mean strgsq

(Eq.4).
” — (1)
" — (2)

2 — (3)
I — (4)

Judging from the above equaticersd these parameters as expressed ir2Bjgt can
be concluded that at fully reversed loadify{1), whereminimum and maximum

stresseare equal and opposite, the mean stress is zero.

— Range = AS’ slnl:u'-sm in

TACATA =

SR e

Figure 20: Stress Parameters affecting Fatigue Lif¢33]
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The effecton the fatigue life of a componeot an increasingensilemeanstresss is
negative[28,33]. Especially in the case of uniaxial loading, the fatigue life of a
component decreases as tieasile meanstressincreasesFig. 21, represents the
mean stresgffect on the fatigue life.The effect of a decreasirfgis also negative

(Fig. 22) [54].
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Figure 21: Effect of Mean Sress magnitude (a) and direction (b) on fatigue 1if¢28,33]
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Figure 22: Effect of Load Ratio to Fatigue Life [54]
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Figure 23: Haigh Diagram: (a) Lines of constant life, (b)Lines of Mean Stress Equations (a.
Soderberg, b. Goodman, c. Gerber, d. Morrow)21]

The effect ofmean stres®n fatigue life, is also depideon a Haigh diagram,
representing the relationship of alternating stress to mean stress though curves of
constant life (Fig23). As the derivation of Haigh diagrams regsiraultiple tests,

which in the majority of cases are time consuming and very ycosthpirical
relationships have been developed to generate constant life diagrams, relating the
stress amplitudél,) andmeanstress((l) using thefatigueor endurancéimit (S), as

the stress range that when applied to a material will not cause faihdeltimate

tensile strength(S,) or yield strength(S), or true fracture stresély) . The most
common of these relationships are attributed to Gerber (1874), Goodman (1899),

Soderberg (1930) and Morrow (194@},33].

Gerber: — — p (5)
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Goodman: — — P (6)
Soderberg: — — P (7
Morrow: — — P (8)

When the mean stresses in question are tensile the Soderberg method is judged
conservative, and for that reason is rarely used. Experimental data tends to be
between the predictions dig¢ Gerber and Goodman curves. A further observation is
useful, dependi ng o rsofhighehardhdese wHich are bitHet d ne s s .
having anultimate tensile strengtblose in value to theitrue fracturestresstend to
have Morrow and Goodmaurves that coincide. On the other hand, ductile steels, of
true fracturestress belovtheir ultimatetensile stressshow less influence by mean
stresses, when the Morrow relationship is yselile the Goodman relationships
stands very conservative in sucasesFinally, for situations of loading whef<1,

the above empirical relationships tend to give similar predicfionghe meanstress
influence on the fatigue life of the compaoneAs the load ratio approachasity
(monotonic loading}t is prefeaable to use thgield stressof the material as a limiting

parameter to desida1].

The above observations are limited to the caderdafile mean stresseSimilar to the

case of residual stresses, when compressive mean stresses are considergiethe fat
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life is benefited by these stress¢33]. However, when the component in
consideration is notched, compressive mean stresses have no effect on its fatigue life,

as slown on the Haigh diagram Fig. 231].

Ty
Limit Que to
Buckling or
Yield
- 0 + SU' Um

Figure 24: Goodman estimate for notched component on Haigh Diagrarf21]
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|.2.3 Strain-life Approach

As mentioned earlier, when the response of a critical site of a component, as is a
notch, depends on stragm deformation, thestrainlife approachis more appropriate

in estimating the fatigue of the material. Due to this respofidhe componenis
based on strain and deformations, #teinlife approach evaluates plastic strains
and/or deformation and describes better LTle strainlife methodtends to ignore

the propagation stage of crack growth, amtead evaluates the initiation life of the
component.This approach may be combined with information regarding the stress
strain history at critical sites of the componestsch as notches, meatress effects,

as well as damage accumulation models as the Plarvjrest model.

When the component is loaded in tension, the strain recovered upon unloading is the

linear elastic strain. The portion of strain not recovered is the plastic strain.

©)

For cyclic loading the power law function, relates true stress togdisdin as

, ULee (10)
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The plastic strain and total strain relationships for cyolaclingcan be expressed in
terms of thecyclic strain-hardeningexponen{ n 6 )  ayuelid strendgtte coefficient

( K:0)

- — (11

- - = (12

Using the above equations atté concepof stress and strain rangéise totalstrain

rangecan be represged by the following equatioj20]

(13

The equabn of total strain can be expressed in life terms as

| <

— ¢qU -2 ¢ql (14)

to form the strairlife relation, wherell @is the fatigue stength coefficientwhich is
approximately equal to thigacture strength{Ci), 2N; represents the cycle reversals
needed to achieve failure of the component, where one reversal is half of one cycle,
(h is thefatigue ductility coefficient which is approimately equal tarue fracture

ductility (), b is thefatigue strength exponerdlso known as the Basquin exponent
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ranging between0.05 and-0.12, and finally ¢ ighe fatigue ductility exponenbr

Coffin-Manson exponent taking values betwe@® and-0.7 [21].

Earlier the concept of mean stress effects was mentioned. Properties of the fatigue of
a material are most often obtained by cycling the components under completely
reversed loading, while keeping the strains at constant amplitude. Cyclingazd
components is very rarely carried out in this manner; as a result, mean stress effects
are important to be considered as they may alter significantly the fatigue life of a
component. The effect of mean stresses on the fatigue life of a componegitheay

be beneficial and increase the fatigue life of the component due to a nominal
compressive load, or detrimental and due to tensile loading decrease the fatigue life of
the component (Fig21b) [33]. Mean stress effects are demonstrated mostly géton

lives. However, there is always the chance that means stresses will relax and become

insignificant, when plastic strains become significant at high strain amplitutles [2

Many scientists have proposed modifications to the slifeimelationship (Eq14), to
account for the effect of mean stresses. They have developed different forms of the
strainlife relationship including mean stress effects, either including the effects in the
elastic component, or plastic or both of the sttdén equation. Thefollowing

equations show two different strdife equations with mean stress effect$, £3]:

o

: y o "
SmithhWatsonTopper: —,, — CU » a2 CL (15
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| <

Morrow: cO - ¢0 (16)

However, letween the above equations the one suggested by M(Hepwt6)will be

the one considered in this thesis.
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l.2.4 Predicting the Fatigue Life of Steel Using the Streskife
Approach

l.2.4.1 Power Relationship of SN curve

The SN curves for various steels tend to coincide, as observed when the non
dimensonal form of thefatigue ratiois plotted on the vertical axis of theNs
diagram(Fig. 295. Thefatigueratio is the ratio of thdatigue limitto theultimate
strengthof the steel in questiorilhis ratio ranges between 0.35 and 0.6 for steels
whose ultimate strength is belowA@0 MPa[21,33]. The choice of 400 MPa as an
upper limit of ultimate strength to steels, whose fatigue limit falls within the above
values is baed on the micrasicture of steel. Steels witHtnate strengths above
1,400 MPa, are prone to cracks due to their microstructure, and therefore have a

lower fatigue limit[21].
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Figure 25: S-N curves for different wrought steds [21]
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The ultimate strengtfS,) and fatigue limit(Sg) are related to the materials hardness

(in the Brinnell scale)y the following relations.

"Y o8 U 5O0QED 0 B E BEHY T® 6 'O0QE NIERE Qi (17)

Y p&ECUOOBQED O D& BRETY TR v 6 'O0QE NI R QO i

O0M& 00 T (18a)

YOOX TTHOOQEH 00 T T (18b)

These relatioships can be combined to relate the ultimate strength to fatigue limit
[33].

Yo Y QETY  ph mitd @ (19a)

Y oOx Tti0 ¢REY  ph motd O (19b

Using these parameters, and the corresponding stress of thehst@fatigue life
of 1000cycles(S;000 @ power relationship can be formed to estimate the fatigue life

of steels for lives between 3and 16 cycles[21].

Y pmi0 QeEpm 0O pT (20)

where 6 11 G—— GO¢ D -1 1T G— (21a and b)
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1.2.4.2 Power Relationship of SN Curve using Hardness as a Function

of Carbon Content

The fatigue limit and ultimate strengthin the power relationship discussed in the
previous section is calculated based on knowledge of the hardness of the steel
component, provided the hardness is measured in the Brinell scale. The hardness of a
materia] as mentioned earlier, depends on the microstructure and carbon content of
the metal. As a redt using the appropriate graflfig. 26), information on the
hardness of a componeoan be gatheredf carbon content is known. Therefore,
using information o hardness from Fi@6, the SN curve of steel at various carbon

concentrations can be produced.
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Figure 26: Hardness as a function of carbon concentratiof55]
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l.2.4.3Damage Prediction Models

Cumulative Damage theory is theasemble of attempts to calculate the damage
caused by cycling, as well as its accumulation when cycling includes more than one
stress amplitude§s6]. There are two ways to discuss the concept of cumulative
damage: residual strength, being the instantanstadic strength that the material can

still maintain after being loaded to stress levels causing damage, and the estimation of

cumulative damage through damage models, such as the ones discubsedtudy

[57].

In the case of homogeneous isotropicatemials such as metalsfailure is
characterized by the initiation and propagation of a cracknetals the strength of

the material changes little or not at all during fatigue cyclifg], and is the crack
propagationthat definesfatigue damage at Vo stresses. As a resuthese stresses
become critical in the design of a metal strucii®. The damage generated in a
material under loading can be predicted using damage models even when minimum

information on the fatigue of the material is known.

The three damage models to be discussed in this thesis are the following:

PalmgrenAMiner [60-61]:

B —y p (22)
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BroutmanSahu[61-62]:

B —Y P (23)

and HashirRotem([56,61]:

B — — Y P (24)
Y — (25a)
Y S (25b)

where nis the number of cycles under the applied stressh& cycles to failure

under this same stress, and sy are the stresses appliefiimate IS the ultimate
strength, and K is the number of repetisaf the loadingcycle. When each of these
equations equals 1, the damage accumulated leads to failure. However, damage is

still being caused even if the right hand side of the above equations is le$$G8an

A specimen may be subjected to one or more stress Ewelandergo cycling. When
there are two stress levels, whereand s, are imposed on the specimen for an

amount of mand n cycles, respectively,.ns the number of cycles that Wiead the
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specimen to failure. The amount of cycles efis called theresidual lifetime
Residual lifetime can be predicted by all three of the above models, when their
mathematical expression equals 1, i.e. at failure. The cospsexl nare the stress

and respective number of cycles, used to create a damage cun&NTdwave is the
damage curve that presents the ultimate damage caused to the specimen, when its
residual life is zero. Each point on a damage curve, defined bg)( shows the
damage caused to a specimen after n cycles under a |l@aditofan therefa be
concluded, that damage is a way to describe the life of the specimen that is spent

when it is loaded as. The ratio—i Qn i Qiadife drdaction for the specimen,

which is loaded ats; [56]. The PalmgreiMiner model defines damage in the
material, in the form of life fractions, the sum of which when 1 defines failure of the
material, when no moreesidual life remains to be expended. The other two models
also define damage in the form of life fractions, but in these two cases the models

account for the loading sequence, which is not accounted for in Pahvgren

The PalmgreMiner damage rulesometimes referred to asiMer 6 s s um,
concept of fatigue damage first introduced by Palmgren in 1924, and later represented
in mathematical form in 1945 by Min¢B4]), expresses damage in terms of cycles
applied at a stress level, divided by the bemof cycles that lead to failure at this
stress level. Each such ratio represents a percentage of life conf28y562).

When the summation of all these ratiapials 1, Eq22, failure has occurred. The

order in which the stresses are applied hasfigzt in the fatigue 1if¢28].
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When a metal specimen is undergoing a-stress level loading, damage, according

to PalmgrerMiner rule, is greater when the first stress is higher than the second
stress (the sum i&q. 22 is close or higher than 1), atess damage occurs when the
loading sequence is a low taghi stress (the sum in E&2 s less than 1]28,62]. To
account for this discrepancy from unity
presented in 1972 a modi fi e dsedMhenlieear6 s s u m.
strength reduction curves, together with the assumption that the residual strength is a
linear function of the fractional life spent when the specimen is loaded at a given
stress level, in order to more accurately predict the fatigue behaviGFRP,

especially at higher stress leviig].

In 1978 Hashin and Rotem used the concept of damage curve families to represent
residual lifetimes for twestress level loading, as well as the fact that equivalent
residual lives are expended by spedisi¢hat undergo different loading schefnes
They developed a cumulative damage model to predict damage 4stregs level

loading, which can be expanded for use in rrailess level loadind$6].

The PalmgresMiner rule has been shown not to accounidading sequences, as the
sum can be calculated irrespective of the loading order. As a result for-boWwigh

stress test the predicted cumulative damage by this model is greater than 1, and for a

! This is referred to as theguivalent loading postulate h a t  syiclia Ibagliags which are
equivalent for one stress level are equivalent for all stresssiga@ilo
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sequence of lovhigh stress the sum is less thaf21,57,63]. The other two models
take into account the order of loading, thus giving more accurate results. Palmgren
Miner and HashirRotem rules have been initially designed and tested on metals,
although later used in GFRP damage predictions. Broutadi rué was developed

and tested on GFRP.

Damage models can be classified according to the parameters required for their
calculation as well as their linearity or nbnearity [64]. Consequently, Palmgren
Miner is a linear stress independent model, Brout®dmu is a linear stress
dependent model and HasklRotem is a noiinear stresslependent modeDther
modelshave beerdeveloped for the prediction of damage accumulatwostly in
metals, but also in composites. Most of these models are attempts to masliiiyg
damage accumulation theories in order to cover for existing inaccuracies, and develop
models dependent on the stress level (Marco and Starkdglin 1945)[34]. Other
models accounted for the damage due to crack initiation and propagatiaghthro
parameters estimating a life fraction factor for the initiation of the crack (Manson
model 1966)[34]. In 2007 Christensen derived a general cumulative damage model
using the Paris Law expression. His model can be applied to predict damage in the
caseof creep leading to failure and cyclic fatigue leading to faildiee models
chosen to be discussed in the present study represent the three classes of damage
accumulation, as mentioned above, do not require calculation of parameters other
than stressesnd number of cycles, and have been used in predicting fatigue both in

metals and GFRPs.
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l.2.5 Factors Affecting the SN Curve

While discussing the manufacturing process of leaf sgringvas mentioned that

there are various treatments involved in lgafrgy production to improve the fatigue

life of the spring. When designing a steel component to operate under cyclic loading
applications it is usually desirable to aim for that compoteenhdure many cycles of

operation, and ndb fail unexpectedlyKnowledgeof the fatigue limit, which isthe

stress at which the component will have art

parameter.

As there exist factors that determine the type of fatigue of a component, and
treatments that will improve the fatig life of the component, there also exist similar
factors hat influence the fatigue limitlt is important to consider them while
designing the component. The most important of these factors are the size of the
component, the type of loading it will belgected to, its surface finish, the surface
treatment it will be submitted to, and the temperature and environment it will operate

under[21,42].

The appropriate fatigue limit will account for all factors that will affect and thus
determine the fatiguefé of the component. In estimating the appropriate fatigue
limit based on the conditions for which the component is being designed, the fatigue
limit of a smooth component with a diameter of less than 8 mm loaded under fully
reversed bending, acts as thea s e f at i¢gwheh Willibenmultipliéd ®ythe

appropriate coefficients describing the factors affecting the fatigue life of the
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component [2,42]. EqQ. 26 gives an example of how to calculate the modified fatigue

limit (Se).

Y 60 0 0 g 0 g 0 0O “¥e (26)

Empirical quantities have been determineder the years of research to define
different situations of the abovadtors in order to estimate a modifigdtiguelimit.
This modifiedfatiguelimit should approximate the fatigue limit of the component as
testedunder the conditions described by these factéenerally, these factors are of
greater importance at HCFvigs, as they havhttle influence at short lives. When
loading ceases to bifuctuating and is monotonicthese factors approach[21].

Modifying factors include

Size The stress gradient in a large component will be less steep, and as a result a

larger volume of that component will be subjected to the maximum $EEs<7).

O
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Figure 27: Stress gradient in different size componentf21]
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Loading: The fatigue limit for a material loaded axially or in torsion may be related

to that of a material in bendirtigrough

Ss(axial) @&beddingg to 0. 9S (27

W torsion)ebknddg)5 to 0. 6 %9

Surface Finish Stress cocentrators may be added to the surface of a component by
various ways, such as scratches or machining. As the surface roughness is increased
the performance of the component is decreased. Care should also be taken on the type
of residual stresses the sagé finish may induce in the material. The effects of
tensile residual stresses are detrimental, while compressive residual stressed will

improve the fatigue life of the component.

Surface Treatment The majority of cracks initiate on the surface of thenponent.

As a resultthe surface treatments play a significant role in the fatigue life of the
component. When the conditioning of the surface induces compressive residual
stresses and/ or increases the cafetsn cont e

positive and the fatigue limit is improved.

Temperature: High temperatures enable the mobilization of dislocations, may

initiate creep, or cause annealing. As a result, the fatigue limit decreases or even
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disappears as the steel hardness is affettower temperatures have a positive effect

on the endurance limit.

Environment: The medium in which the component undergoes cyclic loading may
determine the fatigue type that will lead it to failure. Corrosive environments are
particularly detrimentaleading to corrosive fatigue, and greatly decrease the fatigue

limit.
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|.3 Resultsand Discussion

Sectiond.1 tol.2.5 of thisfirst part discussed the manufacturing process of steel leaf
springs, as well as the theory behind estingathe fatigue life of a component. In
more detailin sectiors l.1 tol.1.4 the manufacturing process of steel leaf springs was
discussed paying extra attention to the heat and surface treatmenastepti aghe
effect of these steps on the life astdength of the material. The fatigue life of steel
and the different approaches to its estimation were presentesttiors .2 to1.2.4,
while sectionl.2.5 presentethe factors that affect fatigue life and how to account for

them.

Using the aboveectionsastheoreticalbackgroundsectionl.3 discusses the fatigue
life of two different steels, AISI 4130 CF and AISI 6150, through experimental

results finite element analysiand calculations.

The Chromium Molybdenum steel, AISI 418F, of 0.3% arbon content watested
under rotatindpending(R=-1). Results of shot peened, carburized and carburized then
shot peened specimens cycled till diad will be given insectionl.3.1.1, showing the
effects of surface treating, residual stresses and cadidant on the fatigue life of
steel. Predictions of the fatigue life of AlISI 4130 CF, as discussed in thesagtion

1.2.4, will be given insectiors 1.3.2.1 and1.3.2.2 Finally, sectionl.3.3 shows how
finite element analysis (FEA) is useful in pradig the fatigue life of steel by
introducing a new finite element software that estimates the fatigue life of different

materials, fesafdV.
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The secondtee| AISI 6150,is a Chromium Vanadium steehich was fatigue tested

at two different load rate©ne set of tests was completed atmarage loading ratio

of R=0.25 on heavyduty vehicle leaf springsand a second seat R=-1 (section
1.3.1.2, on specimens appropriate fostating bendingBased on these results a
discussion on the effect of loadtimon the fatigue life of the particular steel (
3.1.3), and a failure analysis of AISI 6150 steel specimens based on surfaces of
fracture, microstructure, micro and madrardness, as well as roughness of these
surfacesgectionl.3.1.4) is included. A in the case of AISI 4130 CF, the fatigue life

of AISI 6150 conponents is estimated sectionl.3.2.2 usingDamage Prediction

models,andsectiors 1.3.3.1 and.3.3.2, using FEA.

Both steel grades are common in the automotive industry. However,6ABlis
stronger and is more appropriate in leaf spring manufacturing. It is actually one of the

most common steels used by leaf spring manufacturers.

The chemical compositiorend mechanical properties for the two steelsgaren in

AppendixA.
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1.3.1 Experimental Results

I.3.11 Surface Treatment Effectson the Fatigue Life ofAISI 4130 CF

Rotating bending fatigue experimemsAISI 4130 CFwere completed oan R.R.
Moore Rotating Beam apparat(f§g. 28), in order to determine the effeaisthree
different surface treamentmethodson the fatigue life of steel specimens. The three
surface treatments examined &akot peening, carburizingndcarburizing followed
by shot peeningSmooth, completely untreatespecimens were also cycled litiiey

failed by fractureand were compared to the surface treatesk

The rotating bending tests are fully reversed loading ted&sdt As a resultthe
minimum and maximum loads, and therefore stresses, applied to the sygeammen
equal and opmate. In the rotating beam apparatus the specimen is a simple beam that
is loaded symmetrically at two points. The beam is rotated around its neutral axis.
When thebeam is first loaded and cyef has not yebegun the part of the beam
below the neutradxis is stressed in tension. After half a revolution is completed, this
part of the beans now under comgesson, and when the revolot has completed

one full cycle these stresses are back to their ters¢dée As a result, each cyclef
rotating beding subjecdt the specimen through a complete cycle of flexural stress

(from tension to compression and back to tension)
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Figure 28 R.R. Moore Rotating Beam Apparatus [6 6]

The specimens of AISI 4130 CF for the R.R. Moorea#ny Beamtestshave an
hourglass shapgs7] (Fig. 28) with a diameterof 0.95cm on the sids and a center
diameter of 0.4&m. The total length of the specimen is 7.62 The specimens are
fixed on the apparatus with the aid of collets that embraceghteand left sides of

the specimenThe specimen is loaded symmetrically at two points, on the right and
left of the middle of he beam, while the load can be varied by choosing the desired
loading weights, at increments between 0.05 kg to 5 Kine bexding moment
capacity of the apparatus ranges between 25 kgcm to 230 kgcm, while a 5kg
minimum effective weight should always be accounted for in calculationally the
machine has a rotational speed capacity of 500 to 10,00Carhrecords the number

of completed cycles electronicall§6].
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Figure 29: Fatigue Specimen for the R.R. Moore Rotating Beam Apparatus (Dimensions in cm)

The tests on theafigue life of ASI 4130 CF steel were all completed at a spEed
1,800 rpm 80Hz). The loading varied betwedrb kg to 18.2 K§ and the tests were
completed at maximum stresses varying between 292 MPa and 1081 MPa, depending
on the surface treatmenthree specimens wetestedat each stress level, in each of

the cases of a ddrent treatment.

Fifteen smooth, untreatedAlSI 4130 CF hourglass shaped specimens were tested
under rotating bending conditions at loads varying from 1.6 kg to 5.45 kg in
increments of approximately 0.9 kg. The corresponding stresses range between 292
MPa and 476 MPa, respectivelyhe specimens were cycled until they failed by
fracture. In the HCF region when the specimens have completed aoflife
approximately 10’ cycles, assumingthat the fatigue limit has been reached at
approximately one millionyxles, the acceptable life range for stgd], the tests

were interrupted and the current cycle value was recorded.

2 These values do not include the minimum effective weight of 5 kg. This weight was
accounted for in the calation of stresses
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In addition to the above smooth specimdifgen AISI 4130 CF hourglass shaped
specimens were carburized to a 0.76&h case depth (typal case depths for the
automotive industry rangbetween 0.8 and 1.4 mf{d4]), in order to increase the
carbon content in the steel. For the carburizing process the specahemnsgjinally
0.3wt% carbon, were first heated in an endothermic atmosphe®%d for four
hours. This resulted in a 0.9wtéarbon potential. The temperature was then reset to
829 C for another hour maintaining the Ov@%o carbon content in the steel. Finally,
the specimens were quenched in aild thentempered at 21& for two hours and

air cooled at room temperatur€he carburizing process is shown in Fig. 30 as

temperature versus time in hours

1020
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Figure 30: Carburizing process; Temperature versus Time

Apart from the 0.6% increase in the carbon eanhtof the specimens, the surface

hardness of the specimens was increased as well. Theeaved AISI 4130 CF



78

specimens have a surface hardness of approximately 201 BHN, while the hardness of

the carburized specimens is 615 BHN.

The specimens were test at seven maximum stress levels between 292 MPa and
1081 MPa. As in the case of the Abeated specimens tests, the maximum stress is

equal to the stress amplitude of the tests.

FifteenAlISI 4130 CF hourglass shaped specimens were tested undery ticing
conditions after being shot peened at an intensity of 17 A at a 100% coverage. The
shot peening process was completed using a shot of38BHsize, which is a steel
spherical shot of nominal diameter of 0.84 mm. The process increased the surface
hardness of the steel fatigue specimens to 345 BHN, from the hardness of-the non

treated specimens of 201 BHN.

The effect on the fatigue life in the case when both of the above surface treatments,
carburizing and shot peening, have been applied on tfecswf the component was
also examined. This double treatment is often used to improve the fatigue strength of

high performance gearing1R

Testing of these double treated components was completed under the same conditions
as the ones of the previousrée cases of tests. Nine specimens were treated and
tested in this case. Tests were carried out at three different maximum stress levels,

562, 865 and 1081 MPa. The results are plotted onMuplSt in Fig. 3.
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Figure 31: Experimental Results of AISI 4130 CF steel under fully reversed loading

For each stress lelef testing three repetitions (trialej teging werecompleted and

an average fatigue life for the each respective stress level was evalAated.
mentioned earliethe SN diagrams are plots of stress amplitudg (®rsus the life to
failure of the component, in cycles (N). In the case of rotating bending tests, where
loading is fully reversed an@=-1, the stress amplitude equals the maximum stress.
The data poing of Fig. 31 show the fatigue life of AISI 4130 CF specimens at
different stress levelsEach corresponds to a set of data points represetitang
fatigue life of specimen with different surface treatmeAtthough three trials were
repeated at each steelevel, the SN curves of Fig.31 represen60% probability of

life [33,35)
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For the smooth specimerisetlife range is between 4x16ycles, at the HCF region,

and an average of approximately 20 cycles at the LCF region. At stresses at and
above 476 MP#&ailure was almost instantaneous at loading, and the specimen cycled
for at most 46 cycles. This value is below the ultimate tensile strength (UTS) of 676
MPa, as specified by ttepecimemanufacturerAppendix A). Machining of the raw
material of UTS at676 MPa, to the hourglass shape appropriate for the rotating
bending fatigue tests, has therefore an effect on the fatigue life of the specimen. It is
often the case that machining affettie fatigue life of a specimegven when static
properties are noaffected [4,68]. Taking the fatigue limit of steel to occur at
approximately one million cycles and abd®4], from the plot of Fig31 the fatigue

limit of theparticularsmooth specimertan be approximated to 319 MPa

Regarding the carburized commmmts it can be observed that fopst ofthe stress

levels at which the specimens were tested fatigue hvesn the HCF regionFor
stresses between 292 and 562 MPa, the fatigue lives of the specimens are much
longer than those of theontreatedspecinens,and all have magnitudes above® 10
cycles. The last two stresses examined are at 865 and 1081 MPa, maximum stress
values. Fatigue life for these stresses falls in the LCF region, although the specimens
still do na fail below 1,000 cyclesThefatigue limit at fatigue lives above i6or the

AISI 4130 CF carburized specimertan be determined from Fi§l at a value of
approximately 362 MPa, which is 43 MPa larger than that for nibetreated
specimensThe surface treatment of carburizing has inkdeepositive effect on the

fatigue life of the material with an increase of approximately ir3%e fatigue limit.
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The fatigue life has thus benefited from carburizing, as presented in the wéks of

andMatloc [45-46,69)].

However, carburizing alschas a drawback which demonstratestself when

examining the way the component fails through fractu@arburizing while

increasing the hardness of the compodent s uat theasane time renders it more

brittle. Fig.32 shows a noitarburized(a), and a arburized specimeitb), that failed

under rotating bending. Observing the fractured tips, it is obvious that the non
carburized specimen underwent some deformation before fracture, while the
carburized specimen did not deform at all before fract@emparing specimens to

the photoof Fig. 33,0f the two specimens under tensile fractid¥, the carburized

steel surface is therefore, more brittle compared to thecadyurized one, as a result

of the carburizing process. A change in the color of thelstee sur f ace due

carburizing is also obvious from Fig2.

Figure 32 Fractured AISI 4130 Fatigue Specimens: (a) nottreated (b) carburized
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— mw

Figure 33: Ductile (left) and brittle (right) tensile fra ctures[31]

The maximum stress range fothe testson the shot peened componeniries
between 389 MPand 1081 MPa, and similarly to the previous two cases of rotating
bending tests, this maximum stress range is the same as the stress amplitude range.
Again, the specimens were cycled until they failed through fracture, except for the
case when their fatigue life extended further tHadh cycles The shot peened
specimens survived stresses larger than the ultimate tensile strength of 676 MPa of
the untreted material. Almost instantaneous failure upon loading occurs at the
maximum stress of 1081 MPa, where the component, if strong enough to be cycled,
has a life less than 10 cycles. On the other hand, shot peened specimens survive lives

of the HCF region Wwen loaded below 432 MPa.
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The fatigue limit for the shot peened components can be set at approximately 341
MPa, at fatiguelives above one million cycles. The fatigue limit of the shot peened
components in conjunction with the-Ns data shows that shot gmang, and
consequently induction of compressive residual stresses on the surface of the
specimen, favor the fatigue life of the specimen. The fatigue limit of the shot peened
component is 22 MPa larger than that of tiwtreatedcomponents, and 21 MPa
lower than that of the carburized components. However, although carburizing seems
as a more optimum surface treatment than shot peening, one should always take into

consideration the brittle fracture of carburized specimens.

Testing ofthe double treatedamponents was completed under the same conditions

as the ones of the previous three cases of tests. Nine specimens were treated and
testedin this case. Tests were carried out at three different maximum stress levels,
562, 865 and 1081 MP&he lower stres level of 562 MPa, is survived by the
components at lives in the HCF region, while 865 and 1081 MPa are sustained by the

component for Bx10° to approximately 4x10cycles.

This double surface treatment of the AISI 4130 CF components gives the hést res
among the three cases of surface treatments, or no treatment, examined, as far as
fatigue life of thespecimens is concernethe fatigue limit in the case of the double
surface treatment is 562 MPa, 200 MPa higher than in the case of the carburized
specimens, aththe surface hardness measured at 562 BHN. However this treatment is

not only time consuming, but very costly too.
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A closer look at the fatigue lives in the vicinity of°1€ycles, shows that the cycles
the shot peened component can survivéd3t MPa is within the same magnitude
range as those survived by the fiozated specimen. However, below and above 432
MPa the lives of the shot peened component are longer than those of -ineated
one. The question thus arises: what happens imahsition from LCF to HCF region

when cycling a shot peened component under fully reversed loading?

The answer to the above question is explained by the concept of residual stress
relaxation. As Aggarwal et al. discuss in their study on the effect ofpg®oting on
fatigue life 42], relaxation of residual stresses depends both on the stress level the
component is cycled as well as the duration of the cycling pratessems therefore,

that stot peening in the case of AISI 4130 CF specimens is effeaboge 432 MPa,

and has no impact on the fatigue life of the components below that Stinessnay

be an indication that peening influences flaw nucleation behavior at elevated stresses,

but is not as effective at lower stresses.

The factors that havan effect on the fatigue life of a component were mentioned in
detail in Sectionl.2.5. Among these factors size, surface treatments and type of
loading were discussed. For the case of the AISI 4130 CF specimens tested under
fully reversed loading the sade finish factor can be estimated for the three different

surface treatments examined. Tablgives these values.
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Table 2: Values of Surface Treating Factors

Surface Treatment S. [MPa] S H[MPa] Csurt.treat
No treatment 319 319 1
Shot Peening 341 319 1.069
Carburizing 362 319 1.135

Carburizing & Shot

Peening

562 319 1.762
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I.3.1.2 Fatigue Life of AISI 6150 Leaf Springs

AISI 4130 CF is a medium carbon steel utilized in the automotive industpnédor
manufacturing of different auto parts, but not leaf springs. A more appropriate steel
for manufacturing leaf springs, is the previously introduced AISI 6150. AISI 6150 is
widely used in the manufacturing of parabolic leaf springs, and it has a cdioposi
(Appendix A high in carbon, manganese and chromium. Contrary to AISI 4130 CF,
the spring steel does not contain chromium but the alloying element Vanadium,
responsible for the wear resistance of the material, as well as secondary tempering

during thetempering procedure of the material.

The leaf springs tested were part of a parabolic Aedfi assembly, serving as rear
suspension in heawjuty vehicles of the Mercedes ACTROS series. The second leaf

of the assembly was usedthe specimen for thedftigue tests of AlISI 6150 steel (Fig.

34). The geometry of the leaf is shown in F&p. The leaf spring is 1480 mm long

and has a varying width of 100 mm at the center and 72 mm at thé &heds
characteristic of parabolic leaf springs is their varyihigkness lowering the leaf
springbés weight, and pr oandtlus mgrovingordee e f f i ¢
comfort [5]. As is always the case in parabolic leaf springs, the maximum thickness
of the leaf is at its center. In the particular model testedximum thickness
measures 37 mm, gradually decreasing to 14 mm at the sides. The leaf springs tested
have some geometry features that enable the leaf to be assembled with the rest of the

leaves of the muHieaf spring assembly. A center hole of 19 mmmuger allows a

3 A detailed engineering drawing of the leaf spring is not displayed duedodisclosure
agreement signed with the manufacturing company Aysan.
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bolt to pass through and keep all leaves of the assetolpgther. The fillet
indentations (50 mm in radius) at the ends allow passage for the clampshattd U

that hold the assembly together at the sides. The cambering arc varies among th
leaves of the assembly. For the second leaf, the one used as specimen for the current

fatigue tests, the cambering arc is approximately 23 mm.

Figure 35: Leaf Spring sketch for ABAQUS/CAE modeling
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The manufacturing process for this leaf spring, did not vary from the one presented
earlier in this study, apart from an extra stage where the steel leaf is pressed in such a
way, so that a variable thickness is achieved. The heat treatment and surface
treatment steps of the process were followed, as presented earlier, and as a result the
microstrucure of the raw material has been altered, as will be shown later in the
discusson of the experiments. The surface of the tempered steel wapesred at

Almen C intensity between 0.2535, based orhe manufacturers specifications.

Eleven fullscale parabolic leaf springs were tested on a servohydraulic fatigue rig
(Fig. 36) in the Laboratory Facilities of the Department of Mechanical Engineering at
the Aristotle University of Thessaloniki, in Greece. The tests were conducted at three
different frequencies: 0.5 Hz at amplitudes of 1,100 MPa, 1.5 Hz, for tests of stress
amplitude & 900 MPa, and at 2.1 Hz for stress amplitudes of 500 MPa. The
maximum stresses for the tests ranged between 500 and 1,100 MPa, and minimum
stresses from 7 to 26 MPa, establishing a test load ratio ranging from 0.1 to 0.3. The
load was administered to tleenter of the leaf spring, which was supported by two
simple bearing supports at both sides, at 500 mm from the center of the leaf spring.

The leaf springs were cycled until total failure was demonstrated through fracture.

As mentioned earlier, it is &he tension surface of the leaf spring where failure will
be initiated [5]. Based on the way the leaf spring is mounted on the test rig3@jig.

the tension surface of the leaf during loading is the bottom orthisAsurface strain
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gages were positiodein order to take static measurements of the stress distribution

over the length of the leaf spring (Fig. 37).

Figure 36: Fatigue Test Rig at Aristotle University of Thessaloniki26]

The gauge length of the gages was 3 mngd the gages were positioned at five
different distances from the center of the leaf spring, on both sides of the leaf. The
leaf spring was loaded monotonically and strain measurements were taken. The
corresponding static stresses were calculated using thé& | 6150 Youngds M
of 210 GPa. Tabl8 and Fig. 38 show the five positions (distance in mm form the
center of the leaf) of the strain gages, and the respective stress measurements. The
maximum force applied during the monotonic loading of the $gaihg was 103.3

kN. Measurements taken closer to the center of the leaf are of the same order of
magnitude, therefore for a distance between 160 and 250 mm the stresses are between
1,030 and 1,100 MPa. However, as measurements are taken further frantéreot

the leaf the stress magnitude drops an order of magnitude, to 784 MPa at 370 mm, the

furthest point tested. The maximum stress occurs at a distance of 250 mm from the
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center of the leaf, and the magnitude of this stress is 1,100 MPa. Basedsireisis
profile the leaf spring is expected to fail in the area between the center and loading
point of the leaf spring up to approximately 250 mm away. Since the leaf spring is
symmetrical on both its sides, and loaded at its center, the same failuictiqmed
sites hold for both sides of the leaf. The 1,100 MPa become therefore, the maximum
permissible applied stress and 103.3 kN the maximum allowable load, to be

considered on the leaf spring tension surfaég [2

* .. Positionof max. stress _gP?i 553 s
e ST " jRkiaA
SP2 ’ vl v

-I . 160: 240! 28! | taw 3

Figure 37: Positions of grain measurements [B]

Table 3: Stress Measurements at the Tensionugace

N _ 160 210 250 310 370 Force [kN]
Position of Strain Gage [mm]

Stress [MPa] 1030 1100 1082 965 784 103.3
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Figure 38 Stress Measurements at the Tension Surface
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The fatigue life of the leaf spring is shown in FR9 on a SN diagram. For the
maximum stresses applied, the fatigue life of the component spans between 30,000
cycles and approximately 700,000 cycles. Typieaf spring applications for heavy

duty vehicles have a design load in the range of 350 and 550 MPa [5]. For these
values the current leaf spring tested survives HCF lives above 400,000 cycles. A
satisfactory design of leaf spring survives for an avelifggef 100,000 cycles [5]. Of
course, the survival of the leaf spring depends on the road conditions and the loading
amplitude the suspension is subjected to. Lower amplitudes, in the proximity of the
design load, will survive more cycles than larger amgés, when the maximum

stress and strain range are increased [5].
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Figure 39: Experimental Results of Leaf Spring Rtigue Tests
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The predicted failure location and fracture points, for each specimen are shown in
Table 3 and Fig.38. It is observed that actual failure location is always within the

predicted distance between the center and 250 mm from the center.

For each specimen tested the maximum displacement at each cycle was measured,
and is shown in Tablé. This displacema and the maximum applied load were used
to calculate the spring rate for each specimen. The average spring rate for this leaf

spring type is approximately 3 kN/mm.

Table 4: Maximum Displacements and Spring Rtes

Max. Displacemert [mm] 27.1 22.5 16.6 15.7 31.6 20.2 21.6 28.9 26.9 25.5

Spring rate, k [kN/mm]  3.12 2.83 3.10 2.93 2.27 3.19 3.21 3.20 3.23 3.27

Finally, a linear relationship was observed between the maximum measured stress

from the strain gages and the applied loadhe leaf. Fig40 shows this relationship

for all specimens tested.
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Figure 40: Maximum Stress vsApplied Load for all Specimens
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l.3.1.3Fatigue Life of AISI 6150 Under Fully Reverse Loading

The same type of leaf springss ed as speci mens in the previ
used to prepare hourglass shaped fatigue specimens for rotating bending fatigue tests.
The specimens were similar in shape to those made of AISI 4130 CF, discussed in the
fatigue tests presented sactionl.3.1.1, but of different dimensionappropriatefor

the rotating beam apparatusg. 41 shows a dimensioned drawing of the 9 mm in
nominal diameter specimens, and a picture of a mirror polished specimen ready for
testing is shown in Figl2. The tsts were completed on a rotating beam apparatus in
the Laboratory Facilities of the Department of Mechanical Engineering at the
Aristotle University of Thessaloniki, in Greece (F&B). The specimens were fixed
symmetrically on each of their sides on thsting apparatus via mechanical clamps,

and two equal masses weagesitionedon the left and right side of the apparatus, to
provide the appropriate loading for the tests. The specimens were rotated with the
help of an electric motor at a speed of apprately 100 Hz (6,000 rpm). The tests

were completed for stress amplitudes between 450 and 850 MPa. Specimens were
rotated until failure was detected through fracture, or until the specimens survived at

least one million cycles.

Similarly to the leaf spng fatigue tests, static stress measurements were taken before
cycling of each specimen. A single strain gage was positioned in the middle of the
specimen (Fig. 43), were failure has occurred in the AISI 4130 CF rotating bend tests,

and the specimen wasdded and cycled one full revolution manually.
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Figure 41: AISI 6150 Fatigue Specimen, dimensions in mm

Figure 42: AISI 6150 Fatigue Specimen
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Figure 43 Rotating Beam Apparatus in Aristotle University of Thessaloniki
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Figure 44: AISI 6150 Fatigue Life under fully reversed loading

It was previously mentioned that the fatigue life of a component is longer at
applications of larger loading ratiosl}28,32-33,%4]. On the other hand, the ultimate
strength of a material also plays a significant role in determining the fatigue life of a
component. A comparison between the leaf spring fatigue tests at an average load
ratio of 0.25, and the rotating bendtgesinder fully reverse loading (RE), shows

that the rotating bend fatigue data, at the smallest load ratio, survives larger lives. As
shown in Fig.45, where the applied stress amplitude, linearized to the ratio of the
ultimate strengths of the surfacedathe core, is plotted versus life to failure,
specimens under RE loading fail slower despite the low loading ratio. In the case of
the tests compared here the ultimate strength and microstructure of the core of the leaf
spring present better performanihan the microstructure and ultimate strength of the

surface of the leaf spring.
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l.3.1.4 Failure Analysis of AISI 6150

Surfaces of Fracture

As mentioned previously, failure in leaf springs generally starts in the tension surface
of the leaf [5]. This was also shown during failure of the tested leaf sprsegrtion

1.3.1.2 Failure occurred in the predicted region of maximum stress on thertensio
surface of the leaf spring specimens, and the fatigue cracks were either initiated at a
corner or the sdace of the leaf spring (Fig.64. In the case of the rotating bend
specimens, pictures of the fractured surface were taken under arsterescope

(Fig. 47). Fom the two figures of the fractured surfaces, in each of the two cases of
AISI 6150 specimenshe initiation point is visibleas expected under cyclic fatigue
conditions [D], the crack propagation striations, along which the crack greiviunt
reached a critical length leading the leaf spring to failure. The propagation duration

and crack length depend on the applied load magnitude.

Figure 46: Fractured Surfaces of Leaf Spring[26]



