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Abstract  
 

 

 

Technological advances in many areas of the industry require of lighter and stronger 

materials. Especially in the automotive 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 fiber/epoxy and S2 glass fiber/epoxy were examined to 

determine their fatigue life and failure behavior. Experimental results, theoretical 

calculations and finite element analysis were performed in order to examine the important 

parameters that affect the fatigue 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 material and 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 than the composite at higher applied stresses. Hybrid 

structures were constructed from AISI 6150 and S2 glass fiber/epoxy, and examined 

through experimental testing and theoretical calculations, in order to determine their 

applicability as leaf spring structures. 

 



 iii  

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 spring 

material.  
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INTRODUCTION  

 

The choice of buying a new vehicle is always based on a variety of factors that 

emerge from the buyerôs everyday needs and reasons for the purchase. As a result the 

size, horsepower, torque, acceleration, engine capacity, together with aesthetics and 

design of the vehicle are some of the main topics 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 

and conditions of the road surface. The latter conditions are based on car suspension, 

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

quality. 

 

The carriage of the car may be the main part of the vehicle that to oneôs eyes is the 

major characteristic that distinguishes it 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 chassis is one of the most important parts 

of a vehicle as it incorporates all vehicle 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 system that gives the driver control of the vehicle by 

enabling him/her to drive the vehicle to the desired direction, the frame of the vehicle 

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

and engine loads, and finally the suspension system which also works as a load 
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support of the car parts as well as the components that facilitate tire contact with the 

road surface [1].  

 

Vehicle suspension, therefore, is defined as the system of springs and shock absorbers 

that support 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 

movements [1-2]. Depending on the area of the vehicle the set of springs and shock 

absorbers is found, suspensions are characterized as front or rear. There are various 

spring types used in suspension depending on the car type, weight and function. The 

springs belong to one of the following categories (Fig. 1): 

¶ Coil Springs 

¶ Torsion Bars 

¶ Air Springs 

¶ Leaf Springs 

 

Figure 1: Types of Spring Suspension Systems [1] 
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Coil Springs are the most widely known and used type of springs. Suspension coil 

springs have a helical shape, which through their compression and extension absorb 

the shocks and maintain equilibrium between the tires and the road. A coil springs 

suspension system is used in most passenger cars nowadays [1].  

 

Torsion Bars are mainly used as front suspension in late pick up truck and 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 to coil and leaf springs, torsion bars 

are made of heat-treated alloy steel [1]. 

 

Air Springs (also referred to as air suspensions) are also used in the same manner and 

sometimes in place of coil springs. Made of a reinforced rubber bag containing 

pressurized air, air springs compress and extend due to changes in the air volume they 

contain. Air springs provide the most comfortable rides to the driver, mainly because 

of them having a variable spring rate [1]. 

 

From the 19
th
 century carriages to the 1970s cars, leaf springs were the main 

suspension system used [3]. Today leaf springs are used in heavy-duty vehicles, 

railroad carriages and many SUVs, while with the introduction of front wheel drive 

cars [4], leaf springs in passenger cars have been replaced by coil suspension [1]. 

Leaf springs are beams of high deflection [4] that can be used individually as a single 

leaf, or in stacked assemblies of up to twenty leaves, as multi-leaf [1,5], depending on 
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the type of the vehicle to be used on.  Multi -leaf assemblies are more common than a 

mono-leaf (a single leaf spring), especially in cases where the vehicle load is very 

high. The multi-leaf assembly is composed of different length leaf springs tied 

together either at the center, the ends, or both, depending on the type of vehicle they 

are designed for, with different types of fasteners. The main, or first leaf is the longest 

and is positioned at the bottom of the assembly, followed by progressively shorter 

leaves on top [1,5]. Some multi-leaf assemblies have a smaller ñextraò, multi-leaf 

assembly, the helper leaves (Fig. 2) in order to provide a larger spring rate [5]. Leaf 

springs are shaped in the form of an arc, and therefore many times are referred to as 

semi-elliptical springs [1,4-5]. They are of rectangular cross-section and although 

originally manufactured at constant thickness, sometimes varying width, a more 

advanced modification is the parabolic leaf spring, which still has a rectangular cross-

section but while width is in most cases kept constant, thickness varies. In the first 

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

case for the maximum thickness in the parabolic design [5].  

 

 

Figure 2: Multi -leaf spring with helper leaves [5] 
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As mentioned above, suspension systems employ the basic characteristic 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 

resembling part of the arc of a circle. The surfaces of the leaf spring will, therefore, 

change in length and the outer/top surface will be longer than the inner/bottom 

surface. The outer surface is said to be in tension while the inner in compression, 

therefore a stress is induced in the beam [4-5]. If this stress overcomes a maximum 

value dictated by the material and geometry of the spring, failure 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 result, many leaf springs have their ends curled in a 

round shape, called the ñspring eyeò (Fig. 3), which enables the leaf spring, or multi-

leaf spring, to be attached to the chassis. The eyes, fasteners, bolts, and other 

components that enable anchorage of the leaf spring to the vehicle, are the ñinactiveò 

parts of the leaf spring as they do not perform as an energy absorbing, storing and 

releasing device themselves.  The rest of the spring assembly is the actual spring, and 

is termed the ñactiveò part of the leaf spring [5]. As a result, the total mass of the leaf 

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 stored in the 
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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 that they can be used in applications different than those 

of suspension systems, such as attaching linkages or structural members [5]. For that 

reason, engineers and leaf spring designers have tried to design leaf springs in such a 

way so as to minimize their weight and make full use of their advantages. For this 

reason, multi-leaf 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 essential [4-5].  

 

 

Figure 3: Various Spring Eyes and Ends [5] 
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The spring rate and static deflection of a spring are of the most determining 

characteristics of suspension springs [5]. The spring rate is the change in load per unit 

of deflection, and static deflection is the distance the spring deflects under the static 

load, and is calculated when the static load is divided by the spring rate at this load 

[2,5]. The area under the load-deflection diagram (Fig. 4) is the energy stored in a 

spring at a maximum stress, but also represents the required mass of the spring. 

Therefore, there is a connection between the maximum allowable stress in the spring 

and its mass, which declares mass and energy stored as inversely proportional to that 

stress. Consequently, the energy stored in a heavy leaf spring at a certain maximum 

stress is less than that stored in a lighter spring at the same stress [5]. 

 

 

(a)                                                                (b) 

Figure 4: Load-Deflection Diagram: (a) stiff, high rate spring with small deflection, (b) flexible, 

low rate spring with large deflection [5]  
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Springs, as many structures destined for loading applications, are designed to operate 

at a load level that will cause stresses below a maximum stress level, which may 

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

sustain is called the design load [5]. When the leaf spring is mounted on a vehicle, 

depending on the road conditions, the spring will support a load and according to this 

load will deflect a certain distance. The maximum possible of this distance, if the leaf 

spring is properly designed, will occur below the design load. The difference between 

this distance and the springôs deflection at the condition when the maximum stress is 

reached is called clearance [5]. When the load-deflection diagram for a spring is 

created, the deflection axis may be separated into two regions; on the left side of the 

origin is the static deflection region, and on the right hand side is the clearance region 

(Fig. 4).  

 

Stiffness, as the mechanical property measuring the resistance of an elastic 

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

discussing springs. Since spring rate relates the leafôs deflection to the applied load, it 

should also be influenced by the materialôs stiffness.  A stiff spring will have a high 

spring rate, as more load should be applied to deflect the spring. By the same token, a 

flexible, less stiff spring, will have a lower spring rate (Fig. 4) [5].   

 

The traditional and contemporary mainstream leaf spring material is steel. Many 

different grades of steels are used in the manufacturing of leaf springs, differing in the 

carbon content and alloying elements.  The weight percent content of carbon or other 
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elements, depends on the type of leaf spring manufactured, whether it is of constant 

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 steel (0.30-0.60%C) is 

usually utilized [4].  Since stiffness variation, as measured by the Youngôs Modulus, 

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 multi-leaf springs of constant thickness [4-

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 GKN [6] started 

developing a composite leaf spring, aiming for a lighter yet stronger alternative to the 

conventional steel leaf springs. Similar developments were realized for racing and 

sports cars, such as in the case of Chevrolet who was among the first car 

manufacturers to incorporate composite leaf springs in passenger cars. The Corvette 

sports model has composite suspensions that render the vehicle much lighter [7]. 

Comfort is also maximized especially in sports car where the passengers are in closer 

contact to the road surface [1].  
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The composite materials used in the manufacturing of composite leaf springs, as 

suspension systems are known as Glass Fiber Reinforced Plastics (GFRP) [1,6-7]. A 

GFRP, many times referred to as fiberglass, is a composite material of two 

constituents, a polymer matrix reinforced by glass fibers [8]. Although glass fibers 

may come as long strands in a roving, or in the form of woven cloth, the composite 

leaf spring manufacturers prefer the long strands that they then impregnate in a 

polyethylene matrix [9-10]. Depending on the manufacturing process, filament 

winding or compression molding, unidirectional pre-impregnated fibers in 

polyethylene epoxy may be used [9]. Composites weigh less than metals and have 

high strength and stiffness [8,11], and as a result, 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 vehicle [1,7], which may also have an effect in the 

comfort of the ride, fuel economy and emissions. Past research has shown that fiber 

reinforced plastics (FRP) used to manufacture leaf springs have given satisfactory 

results while minimizing the weight of the leaf up to 85% [12-14]. Commercially, 

composite leaf springs are used in vehicles where a low weight carriage is crucial, as 

well as comfort of the passengers, for example in sports cars [1,7].  If a leaf spring 

can combine the desirable design properties of stiffness and low weight, while 

maintaining good strength, it is worth looking into the reasons why composite leaf 

springs have not yet conquered the suspensions aftermarkets.   

 

As mentioned above, it is always desirable to minimize the vehicleôs weight, and 

consequently that of its suspension. Since mass, as well as energy stored, is inversely 
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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 stress not to be destructive for the 

spring. Based on the SAE manual on design and application of leaf springs [5], there 

are three factors that limit this stress: the settling under the applied load, which 

usually occurs during the first few cycles of the cyclic loading operation of 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 spring. From the three factors mentioned 

above, which affect the operational stress of the leaf spring, this research 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 4130 CF and AISI 6150 steels will be compared to S2 and E 

glass fiber/epoxy composites, in order to determine whether 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 of a leaf spring will be presented. In addition the 

difference between the failure mechanisms of the two types of materials, the steel and 

the composites, will also be discussed.  

 

In more detail, in Part I the first section will discuss the manufacturing process of 

steel leaf springs paying close attention to the heat treating and surface finish stages 

of the process. Section I.2 will present different approaches to estimating the fatigue 
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life of metals. The effect of the processes, presented in section I.1, on the fatigue life 

of the leaf spring will be presented in section I.3 through experimental results. A 

cumulative damage analysis based on three damage models as developed by 

Palmgren and Miner, Broutman and Sahu, and Hashin and Rotem, will show how 

damage accumulates in the two steel materials per loading cycle, and how the fatigue 

life of the material can be approximated using these models (section I.3.2). Section 

I.3.3 will discuss finite element analysis results using ABAQUS/CAE and fe-safe
TM

. 

The part on steel will be concluded by a brief discussion of the available methods of 

repairing leaf springs, and their effectiveness (section I.4), and primary conclusions 

(section I.5).   

 

The second part of this thesis will discuss the two GFRPs, E glass fiber/epoxy and S2 

glass/fiber epoxy. Section II.1 will discuss the concept of composite materials, their 

advantages and disadvantages. In section II.2 the two main manufacturing processes 

for composite leaf springs will be introduced. Due 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 in section II.3 to introduce a computational analysis of composite 

laminate failure (section II.4). Section II.5.1 will  discuss three different stacking 

sequences for the leaf spring laminates, and using failure analysis will decide upon 

the optimum sequence. Due 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 behave under loading and failure. Simulations of the fatigue life of both 

composites will be carried out using fe-safe
TM

 in section II.5.1. Furthermore, using 

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 fatigue life of each of them will be theoretically calculated and 

compared to experimental data in section II.5.3. The above analysis will be 

accompanied with experimental data on composite beams in section II.5.4. The way 

laminated composite leaf springs may be repaired will follow (section II.6), and 

conclusions on Part II will be given in section II.7. 

 

Part III of this research will discuss a combination of composite and steel materials 

for the construction of hybrid structures, which is also a new alternative to steel leaf 

springs in the automotive industry. An introduction to hybrid laminates and hybrid 

leaf springs will be given in the first two sections of this part, followed by failure 

prediction using failure theories and life prediction through experimental results 

(section III. 3). 

 

Concerning the case study of leaf springs, and the reasons for which composite 

materials would be a good alternative for the manufacturing of these products, an 

economic analysis will be given in the fourth part. A comparison of the 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 select the ultimate materials and/or structure for applications similar or 

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

 

 

 

I.1 Leaf Spring Manufacturing Process 

 

Whether the suspension system requires a single semi-elliptical spring or a multi-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 length of the leaf spring.  

Cutting of the flat plates is the first step of the manufacturing process and is done 

with cutting equipment, the saw. Depending on how the leaf spring will be mounted 

on the vehicle, and whether it is going to be part of a multi-leaf assembly, a center 

hole will be punched into the center of the flat plate, which may be of circular or 

elliptical circumference, depending on the spring model.  The center hole punching is 

done at a punching machine, which drives a hot die through the center of the plate 

creating the hole. Again based on the type of suspension, the 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 eye. Other suspension systems require bent ends 

of the leaf spring, or punched holes at the 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 spring [15].  
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Figure 5: Steps of Steel Leaf Spring Manufacturing 

 

The next two steps (Fig. 5) in the manufacturing process are the most important in the 

production line of leaf spring manufacturing, as 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 

aspects of its shape, its arc shape called the camber. The process of cambering, 

involves heating the leaf spring to a very high temperature, which varies among the 

steel grades of the raw materials, but is usually close to 950
o
C [15]. Depending on the 

thickness and length of the leaf spring, as well as the properties of the raw material, 

Cutting 
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End formation 

Heat Treament 
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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 shape. The red-hot leaf will then be 

placed in a cambering chamber (Fig. 6), which will clamp it and bend it to the desired 

arc radius.  Depending on the leaf spring type to be manufactured, cambering stations 

will vary in arc radii. The leaves of a multi-leaf assembly do not always have the 

same camber [4-5,15]; as a result the cambering station should have a variety of 

chambers to cover the desired cambering arcs for manufacturing a range of products, 

or these chambers should have the possibility of adjusting to the required dimensions 

for a full range production. The leaf spring securely positioned in the cambering 

chamber is immersed in an oil bath at room temperature and undergoes quenching. It 

is then tempered in an oven under a certain temperature (750-850
o
C depending on the 

steel grade and leaf dimensions) and for a certain time considering the properties that 

the end product should have [15-16]. 

 

 

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

 

Surface treatment follows heat treatment. The surface of the leaf spring is conditioned 

using a peening treatment and painting [5,15]. The peening treatment can be either 

shot peening or stress peening. During 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, the shot, in order to improve the material properties of the metalôs 

surface by inducing compressive residual stresses to that surface [5,16,18]. The 

difference between shot peening and stress peening is that during the second process 

the leaf spring is loaded, most often in the tensile direction or the direction of the 

subsequent loading application, while it is being shot peened [5,19]. Stress peening is 

a more recent procedure, which gives better results, while however, increasing the 

cost of the end product. Although, both procedures are used in the manufacturing 

world, shot peening, for economic and time reasons, is still more widely used in the 

industry world [10]. Fig. 6 shows the effects of the two peening procedures for the 

induction of compressive residual stresses on a leaf spring [5]. Shot and stress 

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

from any quenching oil residues and prepare the leaf for painting [20]. Painting, 

usually carried out in a spray-painting chamber, gives an aesthetically pleasing finish 

to the spring, enables for the leaf spring model and manufacturerôs logo to be stamped 

on the leaf, but above all protects the metal from corrosion and similar environmental 

effects [5,15].  

 

Following the surface finish step is the process of eye bushing preparation and the 

assembly step. In the former process, if the leaf spring has an eye end, the appropriate 

bushings will be placed in the eye to enable mounting of the leaf spring on the 

vehicle, as well as any required processing of the eye or bushing such as reaming and 

boring. The assembly step, is the final step of the manufacturing process, during 
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which the multi-leaf springs are assembled and fastened together, any presetting and 

loading tests are carried, and finally any touch up painting, if required, such as 

company logo placement, will be done. Finishing this step the leaf springs are 

practically ready for the aftermarket [15].  

 

 

Figure 7: Stress patterns due to shot peening, stress 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 the leaves to take the appropriate form and direction appropriate to 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 surface of 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 (Fig. 7) [5, 21]. 
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I.1.1 Heat Treatments 

 

As the name heat-treating implies, and as described in the previous section, this step 

involves heating the metal piece at very high temperatures and then quenching it 

rapidly in an oil bath at a much lower temperature, followed by raising the 

temperature to a high level and keeping it constant for a certain length of time during 

the tempering stage of the treatment. The three stages of the heat-treating step have as 

the ultimate goal to improve the hardenability of the steel material, by creating a 

martensitic layer below the surface of the steel leaf spring [22-23].  

 

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 

non-equilibrium iron alloy phase [24]. As a result, for martensite to exist in the 

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

 

The steel grades used as raw material by leaf spring manufacturers have in the 

majority of cases a carbon content between 0.5-0.68%C [5]. Looking at an iron-iron 

carbide phase diagram (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 hypoeutectoid steels [16]. At temperatures below the eutectoid 

temperature of 725
o
C, the phases present in the microstructure of these steels are two: 

ferrite (Ŭ) and cementite (Fe3C) (Fig. 8). The most common microstructure of steels 

formed below the eutectoid temperature is pearlite [24]. Ferrite is a product of the 

solid solution of carbon in BCC Ŭ-Fe, and cementite is an orthorhombic unit cell 
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containing 12 Fe and 4C atoms. Pearlite is composed of both ferrite and cementite in 

a lamellar structure [23-24]. At the range between 725
o
C to 912

o
C, referred to as the 

upper critical temperature [16], and after the pearlite structure has lost all traces of 

cementite and ferrite, the sole phase of the steel microstructure is austenite. Austenite 

is an interstitial product of solid solution of carbon in FCC ɔ-Fe, where carbon atoms 

occupy the interstitial sites of the FCC unit cell of the ɔ-Fe atoms [24].  The process 

of heating steel to a high enough temperature, is called austenization [16], and is the 

first stage of the heat treatment step of the manufacturing process of leaf springs 

during which the leaf is heated to a red-hot color. The austenization temperature of 

steels depends on the carbon content of the steel grade used, and from the diagram of 

Fig. 8 for 0.5-0.68%C the austenization temperature is approximately 850
o
C.  The 

austenization temperature also depends on the content of the steel in alloying 

elements [16]. 

 

As mentioned before, the microstructure of steel at room temperature contains the 

two phases of ferrite and cementite, mostly in the form of pearlite in hypoeutectoid 

steels. Ferrite and cementite will, therefore, have a certain content of the carbon and 

other alloying elements, which may not be the same in the two phases [16].  As these 

two phases transform to austenite when steel is raised to 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 the heat treatment steps. 

The process of homogenization becomes therefore, a sub-process of austenization 
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during which a homogenized content of carbon and alloying elements in austenite is 

attained. The process of homogenization is a diffusive process based on temperature 

and time.  Grain growth is affected by the austenization temperature, therefore, great 

care should be taken in choosing the right temperature and duration for 

homogenization, in order to avoid rapid grain growth, which may have a negative 

effect on the toughness of the material [16]. As a result, homogenization and grain 

growth should be taken into account in order to choose the appropriate austenization 

temperature, as well as the steelôs carbon and alloying elements content. The Heat 

Treaterôs Guide: Practices and Procedures for Iron and Steels suggests as typical 

normalizing temperatures for AISI 4130 steel 900
o
C and 870

o
C for AISI 6150 steel 

[25]. 

 

When the steel microstructure has been fully austenized and is composed of a 

homogeneous content of carbon and the rest of the alloying elements, the next step of 

the heat-treating stage of manufacturing follows. This is the step where austenite is 

cooled to create martensite. 

 

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

high temperature, is 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 degrees per second [25]. Following a phase diagram, as the 

one of Fig. 8, cooling austenized steel should change the steelôs microstructure back 

to pearlite.  However, if the cooling rate is very fast, the austenite will become 
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unstable as the temperature drops, and due to rapid cooling the typical 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 formed [16]. 

 

 

Figure 8: Iron -carbide phase diagram [16] 
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As mentioned above, martensite is a non-equilibrium alloy phase and this is why it 

does not exist on the phase diagram of iron carbide (Fig. 8). Such phases are called 

metastable, as an example bainite is another one of these phases [16]. Martensite 

forms because the FCC structure of austenite cannot transform into a BCC ferrite 

structure (Fig. 9). The reasons obstinating this transformation depend on the high 

carbon content of the austenitic steel, which is much higher than the allowable 

amount of carbon content that can dissolve in ferrite. The resulting structure, 

martensite, has a body-centered structure that is tetragonal (BCT) (Fig. 10) instead of 

cubic (BCC). The extent to which the crystal structure distorts is dependent on the 

carbon content of the steel [23-24]. 

 

 

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

 

 

Figure 10: BCT crystal structure of iron  [16] 
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During the quenching process, the cooling rate of the steel component is not uniform 

throughout the componentôs cross-section. The cooling rate is proportional to the 

thickness of the leaf [16]. The first part of the leaf spring to cool during quenching is 

the outer surface of the leaf. The inner layer towards the core cools due to conduction. 

As a result, the thicker the leaf the lower the cooling rate of the core, and the higher 

that of the surface. This difference in cooling rates, results in different microstructures 

of the surface and the core, and as a result different properties of these parts of the 

leaf [16,26]. This variety of microstructures and the thermal contractions, are 

responsible for the induction of residual stresses in the leaf, which can affect the 

performance of the leaf spring [16-18,27-28]. 

 

The residual stresses induced in the steel because of the quenching process, and the 

distortion of the crystal structure of martensite, are the reasons why quenched steels 

have very high hardness and strength, while on the other hand demonstrate poor 

ductility and low toughness [16]. The hardness of the martensitic steel is dependent 

on the microstructure of the steel, its carbon content and presence of alloying 

elements [16]. 

 

Depending on the carbon and alloying elementsô content in the steel the temperature 

that triggers the transformation of austenite to martensite may vary. The same applies 

to the temperature at which all austenite has been completely transformed to 

martensite [16]. These two temperatures are the martensite start (Ms) and martensite 

finish (Mf) temperatures, respectively [16,29]. A general rule is that the carbon 
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content is inversely proportional to Ms and M f, and alloying elements, with the 

exception of Cobalt (Co), decrease these two temperatures [16,23]. As austenite 

transforms to martensite, during quenching, there is always the risk of the generation 

of cracks or distortion of the material. These undesirable effects are due to the large 

temperature gradients that develop in the steel component during the cooling process. 

To avoid such detrimental for the component effects, the cooling rate between the 

start and finish martensite temperatures should be low. However, a high rate is 

required above the Ms temperature to make sure that all austenite will transform to 

martensite. To regulate 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 mediums should 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, the leaf is brittle and has low toughness [16]. As a result, 

although the structure has a high strength and hardness, it is prone to brittle failure. 

Consequently, further processing is required to render the material appropriate for 

load carrying, cyclic applications. Heating the leaf to a relative low temperature, and 

keeping it at that temperature for a defined time interval will further alter the 

microstructure of the leaf spring metal.  In the beginning of this process the strains 

produced during the martensite phase formation are relieved [27] followed by the 

diffusion of carbon in the BCT martensite. This results in the formation of small 
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carbides in the martensite [16]. In the case that the quenched steel microstructure 

contains traces of retained austenite, tempering will allow their decomposition into 

carbide and ferrite. The carbides first formed in the steel are metastable and as 

heating is extended to a higher temperature, these non-equilibrium carbides transform 

to cementite, which is a stable phase [16]. During this heating stage the distortion of 

martensite is reduced, and the release of the internal strains reduces the induced 

stresses in the materialôs microstructure. This results in a more ductile and tougher 

leaf spring, although some of the hardness, strength and wear resistance 

characteristics of the leaf spring are sacrificed [16]. This last step of improving 

hardenability is tempering. This is also the third stage of the heat-treating 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 

question [16]. The effect of tempering steel on the stress strain relationship of steel is 

shown in comparison to quenched steel in Fig. 11. 

 

 

Figure 11: Effect of Tempering on stress-strain relationship [30] 

 



 28 

I.1.2 The Role of Carbon Content and Alloying Elements 

 

Steel grades used as raw materials by leaf spring manufacturers have different carbon 

contents, ranging between 0.5-0.68%C [5] as previously discussed, but also different 

alloying elements at different concentrations.   

 

Carbon is the main element in steel. It is the element that enables the heat-treating 

processes to start and be completed due to the fact that carbon is more soluble in 

austenite than ferrite. It is responsible for the metalsô strength, hardenability, ductility, 

toughness and other mechanical properties that define how easily the steel can be 

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

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

workability, and other properties determining processing of the material [16]. 

 

The choice of the rest of the alloying elements in steel depends on the desired 

microstructure and properties, as well as processing of the alloy metal, as in heat 

treatments, especially tempering [16]. As mentioned above, alloying elements may 

lower the start and finish martensite temperatures, but will also affect the tempering 

rate of martensite by affecting the type of carbides formed [23]. Alloying elements, 

such as chromium (Cr) and cobalt (Co), increase hardenability, as they influence the 

carbon diffusion, lowering it due to their atom interactions with the carbon atoms. 

This way, there is more time for the formation of ferrite and pearlite. Alloying 

elements can therefore be chosen in such contents so as to regulate the properties of 

the metal and result in steel of high hardenability and good strength and toughness 
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[16]. Table 1 is a summary of the most common alloying elements and impurities in 

leaf springs steels, and their role in the steel alloy [31]. 

 

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

Alloying Elements 

Chromium (Cr)  

Provides solution strengthening to ferrite, increases hardenability in medium carbon steels, 

and is responsible for the strength and oxidation resistance of steels at high temperatures. At 

high concentration above 11.5% its reaction with oxygen, protects the steel from corrosion 

and oxidation, and becomes the basis of stainless steels. 

Manganese (Mn) 

Present in the majority of commercial steels to prevent sulfur embrittlement due to the sulfur 

impurity presence. Responsible for the strength of steel, as it solution strengthens ferrite and 

refines pearlite. Increases hardenability. For contents above 2% increases steel embrittlement. 

Molybdenum (Mo) 

Solution strengthens ferrite, and enables carbide formation. Usually present in steel together 

with chromium and nickel. Improves hardenability, especially in high carbon steels. Operates 

as a barrier to temper embrittlement, induces secondary hardening during tempering of 

quenched steels. 

Nickel (Ni) 

Increases hardenability, especially in medium carbon steels. Responsible for the increase in 

notch toughness. Usually used in combination with chromium in steels to obtain high 

hardenability, impact strength and fatigue resistance. 

Vanadium (V) 

A strong carbide former, better than Cr and Mo. Affects positively grain refinement and 

secondary tempering during tempering. Responsible for the strength and toughness of the 

alloy, forms carbides that provide wear resistance and high temperature strength to the steel. 

Impurity Elements 

Aluminum (Al)  

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

Phosphorus (P) 

Has similar detrimental effects as S, and its combination with iron to form iron phosphide 

reduces steel toughness. During heat treatment, it segregates and becomes responsible for 

temper embrittlement. On the other hand, it may work as an iron hardener. 

Silicon (Si) 

Similar to Al, Si works as a deoxidizer. Its combination with oxygen enables the formation of 

silicates, which in turn prevent porosity of steel. 

Sulfur (S) 

A dangerous impurity present in steels. Its combination with iron towards the formation of 

iron sulfides is responsible for steel cracking in cold and hot working processes.  



 30 

I.1.3 Residual Stresses and Residual Stress Relaxation 

 

In the preceding discussion the term ñinduced residual stressò has been mentioned in 

relation to heat-treating (quenching) and shot peening processes. As a metallurgical 

term defined in CASTI Metals Black Book, a residual stress is a stress present in a 

body that is free of external forces or thermal gradients [16].  Residual stresses may 

be either compressive or tensile, and depending on the material and its applications 

may have a beneficial or detrimental effect on the componentôs performance [16,32]. 

 

 

Figure 12: Residual Stresses in unotched beam under bending [21] 

 

Fig. 12 shows an unotched beam of circular cross-section made of an elastic-perfectly 

plastic material, and subjected to a bending moment of varying magnitude [21]. The 

stress profile at two different moments is shown in diagrams (a) and (b).  From the 

moment versus time 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 that the stress 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) of Fig. 12. As the moment 

is reduced to zero magnitude, there is still a stress distribution in the beam (diagram 

(c)) that of the residual stress.  Diagram (e) of the same figure, is a graphical 

representation of the beamôs surface stress versus time. The stresses due to moments 

1 and 2 are equal to the yield stress of the material, meaning that the surface of the 

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 stresses due to tension yielding, the beam is 

now in compression despite the fact that it is not loaded at all. It is said that the beam 

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

(e) show the compressive nature of these residual stresses [21,33-34]. 

 

Residual stresses are therefore, the outcome of non-uniform plastic deformations on 

regions of a component. They may also be the result of volume changes during phase 

transformations [35]. Depending on whether they are tensile or compressive, they can 

be detrimental or beneficial, respectively, to the componentôs behavior, especially in 

regards to failure and fatigue [28,32]. 

 

Processes that induce residual stresses may be mechanical or heat processes. In both 

cases non-uniform, permanent deformations affect the component in question [32]. 

As discussed in the previous section during a thermal process, as in heat-treating of 

steel leaf springs, the steel is heated, clamped in the cambering chamber and cooled 
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rapidly in the oil bath. 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 

shown in the following section (I.1.4), are also the result of non-uniform plastic 

deformations [32]. 

 

In regards to the fatigue behavior, residual stresses are more effective during the 

initiation life (which correlates with Low cycle Fatigue Life (LCF) [21,32]), since 

failure begins, in most cases, on the surface of a component due to stressing under 

tensile loads. As a result, compressive residual stress field (CRSF) may reduce the 

effects of the applied tension [32,35]. In general, residual stresses have a similar 

effect on the fatigue behavior of components, and are of the same magnitude, as 

mechanically imposed static stresses [35]. 

 

Residual stresses are very important in the leaf spring manufacturing technology, and 

apart from heat treatment there are other treatments to induce them in the leaf spring 

surface, such as surface treatments. However, although compressive stresses have a 

very positive effect on the leaf springôs performance, their induction is not permanent, 

and there exist a variety of factors that may cause their relaxation. Such factors 

include heating or operation at high temperatures, overloading 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 X-Ray diffraction-meter, that the 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 cycles of the componentôs life, and continues throughout the cycling application. 

However, when the loading was higher the compressive residual stress field decrease 

was faster [36]. 

 

Menig et al., in their study of quenched and tempered AISI 4140 steel rods, also 

tested under torsion at R=0, observed a quasi-static reduction in the residual stress 

field of the shot-peened components, and an even greater reduction in the stress 

peened ones (Fig. 13) [37]. 

 

A progressive decrease in residual stresses of fully reversed cycled steel was also 

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 past 10
5
 cycles [38]. Similar 

results were given by Torres and Voorwald, who noticed a 50% relaxation in the 

stresses of rotating bent quenched and tempered AISI 4340 steel between 10
3 
and 10

4
 

cycles [39]. Iwata et al. studying the effect of shot peening on the fatigue fracture of 

as quenched martensitic steel also detected relaxation of residual stresses at lower 

lives [40]. 

 



 34 

 

Figure 13: Residual Stress Relaxation of shot peened, stress peened and warm peened under 

torsional loading [37] 

 

The reason behind stress relaxation is based on the fact of superposition of the 

residual stress and the applied stress exceeding the yield strength of the component 

tested [33,38,41]. Bergström et al. compared specimens under R=-1 and R=0, 

concluding that relaxation is indeed present from the early cycles under R=-1 (Fig. 

14), especially in the axial direction, but only present just before failure at R=0. 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 but is smaller [41].    

 

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 peening process the 

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 

carburizing. 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.  

 

 

Figure 14: Stress Relaxation of notched components under R=-1 [41] 
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I.1.4 Surface Treatments 

 

As the term suggests, a surface treatment is the condition of the steelôs surface in 

order to improve the properties, or appearance of the steelôs surface. Surface 

treatments may be chemical, such as nitriding, mechanical, such as shot and stress 

peening, or thermal, such as carburizing [42-43].  In the automotive industry, shot 

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

 

Carburizing is a thermal process during which the austenite of low 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 alloy [16,44-45].  As the carbon 

content on the steel surface increases, the hardness of that surface increases, without 

affecting the hardness of the core. Depending on the application of the steel 

component being carburized, the depth of the carburized surface may be up to 6.4 

mm. This layer of the metal surface whose carbon content and mechanical properties 

change due to the surface treatment is called case depth. During carburization the 

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 effect on the size of the case depth.  Longer times and higher 

temperatures result in higher carbon contents and deepper case depths (Fig. 15) [44-

46]. 
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Figure 15: Vickers micro-hardness patterns for AISI 8620 steels carburized at different case 

depths [46] 

 

Shot peening, as explained previously, is a mechanical surface treatment during 

which the surface of steel is plastically deformed by its continuous bombardment of 

small, most often steel, shots. Depending on the effect of the shot peening, and the 

material being treated, the diameter of the shots varies. The intensity of shot peening 

is also variable, and is measured using the Almen scale. The duration of the shot 

peening processs determines the coverage of the peening, meaning the area fraction 

impacted by the shots [47]. 

 

Shot peening coverage is most often assessed optically [48], and may exceed 100%, 

many times reaching even 1000% [49]. As the coverage increases, and the process of 

shot peening takes longer to complete, the uniformity of a compressive residual field 
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on the surface of the component under treatment becomes better. It is believed that 

100% coverage provides the appropriate uniformity of surface compression needed to 

improve fatigue life [47].  

 

As the shots hit the metallic surface during the peening process, they create 

indentations at the region of impact, due to the fact that they plastically deform that 

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

expand. However, their expansion is restrained by the non-plastically deformed metal 

layers below, in the subsurface of the component. This restraining is compressive. As 

the shot frees the indented area, only a partial amount of that surfaceôs strains are 

recovered. As a result only elastic strains recover, and plastic strains still remain due 

to the plastic deformation. In an effort to attain the stress and strain equilibrium 

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

stresses is left on the subsurface, and a tensile stress layer below it [50]. 

 

The intensity of shot peening is measured in the Almen scale. The Almen intensity 

does not provide information on the residual stress field profile, which is important in 

fatigue [49,51-52]. There are three different Almen scales, A, N and C [53], 

depending on the way the measurements are taken. Almen intensity increases with 

increasing shot size, but high Almen intensity does not mean necessarily higher 

residual stress values [36,42]. 
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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 will be created 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 component and 

not its core. M. L. Aggarwal et al. [42] 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. show that 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. Fig. 16 shows the S-N 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 component and the 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 layer [36]. The danger 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 [52].  
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Figure 16: S-N Curves for shot peened EN45A steel at different Almen intensities [42] 

 
Both carburizing and shot peening will induce compressive residual stresses in the 

treated surface layer of steel [28,32,46].  Due to the increase of carbon content in the 

carburized surface, the steel ceases to have a homogenized microstructure, especially 

if carburizing is done after a heat-treating process. The 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 depth and has a value of up to half the yield strength of the material [21]. In 

the case peening coverage is extended too far into the material by extended peening 

time, and stress intensity increases to a critical value, depending on the material and 

geometry under peening, the tensile residual stress region extends too much causing 

fatigue failure [42, 50]. 
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I.2 Fatigue and Fatigue Life of Steel 

 

In 1964 The International Organization for Standardization in Geneva, published the 

definition of fatigue in the report General Principles for Fatigue Testing of Metals, as 

follows [28]: 

 

ñ(Fatigue is 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 term applies specially to those 

changes which lead to cracking or failureò  

 

All structures will fail at some point during their application.  Depending on the 

material, geometry and application of the structure, failure may occur at or below the 

maximum tensile strength of the material.  The concept of fatigue refers to failure, as 

demonstrated through fracture, when a structure is subjected to repeated or fluctuating 

stresses, failing below its maximum tensile strength [16,21].   

 

There exist different types of fatigue depending on the environment as well as the 

way the cyclic loading is performed. As a result, there exists creep-fatigue when the 

cyclic application is associated with high temperatures, thermomechanical fatigue 

occurring in situations when apart from the cyclic loading, temperature fluctuates as 

well, corrosion-fatigue where the environment of the cyclic application may 

chemically affect the component or cause its embrittlement, rolling contact fatigue 

where apart from the repeated loading the components exhibit rolling contact between 

their materials, and fretting fatigue, a very common problem in multi-leaf spring 

suspension systems, which is due to cyclic stresses occurring together with an 
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oscillatory motion and frictional sliding between surfaces of the component being 

cycled [28]. However, the simplest type of fatigue, which will preoccupy this thesis, 

is mechanical fatigue and is the result of fluctuating stresses or strains applied 

externally to a component [28]. 

 

The concept of fatigue can give great insight to mechanics and engineers on how and 

why cyclic loaded structures fail, and how they can be properly designed to avoid or 

delay their failure. It is only reasonable therefore, that since the early 19
th
 century 

engineers and scientists of the time working on metals, started experimenting on and 

studying the concept of fatigue. Carriages and trains were of the major means of 

transportation of the time, and although carriage suspension had troubled the 

mechanics of the time, railway accidents made imperative the improvement of 

railroad axles, bridges and train suspensions. It was the railways therefore, that drew 

more and more the attention of scientists and engineers to study the fatigue of metal 

structures and especially those made of steel [28,33]. Among the major contributors 

to the study of fatigue worth mentioning are Wöhler, Gerber, Goodman, Bauschinger, 

Palmgren, Miner, Coffin and Manson.  

 

August Wöhler, in 1860, was the first to carry a systematic study of railroad axlesô 

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

higher than their strength under cyclic loading. Wºhlerôs investigations led to one of 

the primary fatigue analysis methods used today, meaning the stress-life approach (S-

N curves), as well as the concept of endurance 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 cyclic mean stresses, also studied by Goodman in 1899. The 

concept of fatigue was further investigated and developed, to 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 cyclic damage was initiated by Coffin (1954) and Manson (1954) 

[28]. Engineers are still studying the concept of fatigue, as it is one of the most 

common reasons of failure of structures operating under cyclic loading. Since the 

1970s the concept of fatigue of composite materials has also been preoccupying 

engineers [8]. 

 

Metal components fail though initiation and propagation of a crack. The degradation 

of the properties of a component under cyclic loading leading to failure, is 

characterized as fatigue damage, and is demonstrated in the following order [28]: 

 

1. Changes in the substructure and microstructure of the metal 

component lead 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 component becomes 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, as well as mechanical factors such as loading [28]. 

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 crack [28,32]. Unless 

otherwise mentioned, the fatigue of 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 failing [5]. 

The fatigue life of the component concludes when the component fails, usually 

through fracture. The 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 is further cycled until this crack is propagated to 

a critical size that leads to fracture [28,32]. The former phase is termed the initiation 

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

life cycles between the initiation and propagation lives is a cumbersome task to 

complete, and it is beyond the scope of this thesis. The current study will not be based 

on distinguishing between the two phases of fatigue life. All structures examined will 

be assumed as flawless, unless otherwise 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 

components: the stress-life, strain-life and fracture mechanics approach [21]. The 

stress-life approach is the first method developed to examine and evaluate metal 

fatigue, and is based on S-N diagrams developed by Wöhler [33]. The stress-life 
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approach uses the stresses applied cyclically on the component in question and 

defines the number of life cycles the component performs without failure under these 

stresses. The strainïlife method on the other hand, introduced approximately one 

hundred years after Wöhlerôs studies, in the 1960s [33], uses the strain response of the 

component. The stress and strain-life approaches are also referred to together as total-

life approaches [28].  Depending on the number of cycles that are needed to lead a 

steel component to failure, the fatigue life of a component is divided between low 

cycle fatigue (LCF), for components that survive between 10 and 10
3
 cycles, and high 

cycle fatigue (HCF), for components that survive an amount of life cycles above 10
3
 

[32]. The upper limit of LCF may be large, but depends on the material of the 

component examined [21].  

 

 

Figure 17: Init iation and Propagation Lives [32] 

 

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

the one cannot be used instead of the other in all applications. The stress-life 
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approach assumes that all strains in the component are elastic, and as a result, fails to 

interpret the true stress-strain behavior of the material considered. Therefore, the 

stress-life approach is more appropriate for situations where fatigue of the component 

is due to low stresses that deform the material mainly elastically. Such situations have 

fatigue lives lying in the HCF region [21,28]. On the other hand, the strain-life 

approach is used in situations where the response of the component under cyclic 

loading is due to strains or deformation [21,33]. There are cases however, when the 

load applied is low enough, so that the stresses and strains are related to each other 

through a linear relation, as a result, both stress and strain-life approaches may be 

used equivalently [21]. A material that fails too soon in the area of LCF is subjected 

to high stresses that may cause plastic deformation to the material, before it fractures. 

Such situations should be evaluated using the strain-life approach [21,28]. Notched 

components are also better evaluated using the strain-life approach, as plastic strains 

are developed in the vicinity of the notch due to stress concentrations [21]. 

 

The fracture mechanics approach is used to estimate the propagation life of a 

component. Knowledge 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 testing, the fracture mechanics 

approach is used to evaluate the propagation life, and strain-life approach will 

evaluate the initiation life, once the propagation life is subtracted from the total life of 

the component, as evaluated using the strain-life approach [21]. 
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I.2.1 Stress-life Approach 

 

The stress-life approach is represented with the aid of S-N diagrams, commonly 

referred to in Europe as Wöhler curves. The S-N diagrams plot the alternating stress, 

S, versus the cycles leading to failure, N (Fig. 18) [21]. Not all components under 

certain cyclic loads have exactly the same fatigue life. When similar specimens are 

tested under the same conditions, scattering of data will be observed in most of the 

cases. This scattering does not necessarily indicate errors in testing procedures, but is 

mainly a characteristic among metallic components [35]. The amount of scattering is 

often measured using the standard deviation of the data, and is observed that this 

scattering is related to stress and appears larger at stresses just above the fatigue limit, 

an important parameter in the characterization of fatigue life that will be discussed in 

later sections, and smallest at high stresses [35]. For this reason, many trials should be 

made to measure the fatigue life under one loading condition, in order to collect 

enough data points to acquire a representative mean value of the fatigue life [35]. 

Depending on the complexity of the loading, environmental conditions and geometry 

of the component, the number of repetitions of the tests will vary. However, it is 

common to use three to five data points to determine the mean value of a fatigue life 

at a single stress level [35]. These mean data points are then plotted on an S-log N 

plot, and compose a straight-line representation of the fatigue life of the material [21]. 

Although traditionally, the alternating stress, S, is plotted on the vertical axis of an S-

N curve, maximum applied stress (Smax), or other combinations of stresses applied, 

strengths, or the linearization of the applied stress are sometimes plotted on the 

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

 

The S-N diagrams are not the same for all types materials. A special case of S-N 

diagrams is that of BCC steels. As shown in Fig. 18, the S-N curve of the steel has a 

descending slope, showing that at lower alternating stresses the number of cycles to 

failure is larger. As the curve enters the HCF region, above 10
6
 cycles, the curve 

becomes horizontal, showing that at the current stress level the life of the steel 

component tends to approach infinity. The stress level where this ñinfiniteò fatigue 

life occurs is common in BCC steels and is termed the endurance or fatigue limit (Se) 

[21]. For convenience, it is common to consider the fatigue limit  to equal the stresses 

level at 10
6
 cycles [21], unless experimental data shows otherwise. However, based 

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

is often the case, that instead of a mean value S-N curve, a plot of a family of curves 

is used to represent the fatigue life of a component, where each S-N curve indicates a 

probability of failure. The curve representing longer lives is that of the highest failure 

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

 

The existence of the fatigue limit depends on dislocation sites in the microstructure of 

the steel. When carbon or nitrogen occupy interstitial sites in the iron atom, these 

dislocations are pinned, and formation of microcracks is prevented as the slip 

mechanism is not set in motion. Consequently, the fatigue limit  depends on factors 

that may affect or prevent the pinning of these dislocations, such as a corrosive 

environment, high temperatures, or periodic overloads [21].  
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I.2.2 Mean Stress Effects 

 

While discussing the stress-life approach the concept of alternating stress was 

mentioned. When a component undergoes cyclic loading it is subjected to two 

different loads, whether they are equal in magnitude and opposite in direction, or 

imposed along the same direction and they differ in magnitude. These loads produce 

corresponding stresses that are responsible for the way the material will fatigue. The 

stress amplitude (ůŬ) therefore, is the one half the difference the two different stresses 

as shown in Eq. 1. As seen from Eq. 1 the stress amplitude depends on another 

parameter, the stress range (ȹů), which is the difference between the maximum and 

minimum stress applied to the component being cycled. While the stress amplitude 

shows the average value of the stress range where the component is cycled, there is 

another important parameter when discussing fatigue. This parameter is the mean 

stress (ům), which as will be shown later, has a significant effect on the fatigue life of 

the component. The mean stress is expressed as one half of the sum of the maximum 

(ůmax) and minimum (ůmin) stresses applied (Eq. 2). The mean stress affects the fatigue 

lif e of a component depending on the way the component is cycled, which is defined 

based on the relationship between the maximum and minimum stresses [21,28,33]. 

The relationship between these stresses is expressed with the load ratio (R) (Eq. 3). R 

is negative when the loading is characterized as reversed, where maximum stress and 

minimum stress have opposite values. R is positive when the maximum and minimum 

stresses are both tensile. When the load ratio equals 1 the loading is monotonic, with 

no stress variation. At R=0 the componentôs fatigue is characterized by zero tension. 

Finally at R=-1, fully reversed loading occurs, where the maximum stress is tensile 
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and the minimum stress compressive [21,28,33,54].  Another ratio often related to 

mean stress is the amplitude ratio (A) relating stress amplitude and mean stress [21] 

(Eq. 4). 

 

                                    „
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                                               !                                                                 (4) 

 

Judging from the above equations and these parameters as expressed in Fig. 20, it can 

be concluded that at fully reversed loading (R=-1), where minimum and maximum 

stresses are equal and opposite, the mean stress is zero. 

 

 

Figure 20: Stress Parameters affecting Fatigue Life [33] 
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The effect on the fatigue life of a component of an increasing tensile mean stresses, is 

negative [28,33]. Especially in the case of uniaxial loading, the fatigue life of a 

component decreases as the tensile mean stress increases. Fig. 21, represents the 

mean stress effect on the fatigue life.  The effect of a decreasing R is also negative 

(Fig. 22) [54]. 

 

 

(a)                                                                                   (b) 

Figure 21: Effect of Mean Stress magnitude (a) and direction (b) on fatigue life [28,33] 

 

 

 

Figure 22: Effect of Load Ratio to Fatigue Life [54] 
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(a)                                                                                    (b) 

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 of mean stress on fatigue life, is also depicted on a Haigh diagram, 

representing the relationship of alternating stress to mean stress though curves of 

constant life (Fig. 23). As the derivation of Haigh diagrams requires multiple tests, 

which in the majority of cases are time consuming and very costly, empirical 

relationships have been developed to generate constant life diagrams, relating the 

stress amplitude (ůa) and mean stress (ům) using the fatigue or endurance limit  (Se), as 

the stress range that when applied to a material will not cause failure, and ultimate 

tensile strength (Su) or yield strength (Sy), or true fracture stress (ůf) . The most 

common of these relationships are attributed to Gerber (1874), Goodman (1899), 

Soderberg (1930) and Morrow (1960) [21,33]. 

 

                                    Gerber:     ρ                                                  (5)                                                           
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                                  Goodman:    ρ                                               (6) 

 

                                  Soderberg:    ρ                                               (7) 

 

                                  Morrow:   ρ                                                  (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 of the Gerber and Goodman curves. A further observation is 

useful, depending on the steelôs hardness. Steels of high hardness, which are brittle, 

having an ultimate tensile strength close in value to their true fracture stress, tend to 

have Morrow and Goodman curves that coincide. On the other hand, ductile steels, of 

true fracture stress below their ultimate tensile stress show less influence by mean 

stresses, when the Morrow relationship is used, while the Goodman relationships 

stands very conservative in such cases. Finally, for situations of loading where R<1, 

the above empirical relationships tend to give similar predictions for the mean stress 

influence on the fatigue life of the component. As the load ratio approaches unity 

(monotonic loading) it is preferable to use the yield stress of the material as a limiting 

parameter to design [21]. 

 

The above observations are limited to the case of tensile mean stresses. Similar to the 

case of residual stresses, when compressive mean stresses are considered, the fatigue 
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life is benefited by these stresses [33]. However, when the component in 

consideration is notched, compressive mean stresses have no effect on its fatigue life, 

as shown on the Haigh diagram Fig. 23 [21]. 

 

 

Figure 24: Goodman estimate for notched component on Haigh Diagram [21] 
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I.2.3 Strain-life Approach 

 

As mentioned earlier, when the response of a critical site of a component, as is a 

notch, depends on strain or deformation, the strain-life approach is more appropriate 

in estimating the fatigue of the material. Due to this response of the components, 

based on strain and deformations, the strain-life approach evaluates plastic strains 

and/or deformation and describes better LCF. The strain-life method tends to ignore 

the propagation stage of crack growth, and instead evaluates the initiation life of the 

component. This approach may be combined with information regarding the stress-

strain history at critical sites of the components, such as notches, mean stress effects, 

as well as damage accumulation models as the Plamgren-Miner 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. 

 

                                            ‐ ‐ ‐                                                         (9) 

 

For cyclic loading the power law function, relates true stress to plastic strain as 

 

                                             „ ὑᴂ‐                                                     (10) 
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The plastic strain and total strain relationships for cyclic loading can be expressed in 

terms of the cyclic strain-hardening exponent (nô) and the cyclic strength coefficient 

(Kô): 

                                             ‐                                                      (11) 

 

                                          ‐                                                  (12) 

Using the above equations and the concept of stress and strain ranges, the total strain 

range can be represented by the following equation [20] 

 

                                        Ў‐
Ў

ς
Ў

                                           (13) 

 

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

 

                                 
Ў

ςὔ ‐ᴂςὔ                                       (14) 

 

to form the strain-life relation, where ůôf is the fatigue strength coefficient, which is 

approximately equal to the fracture strength (ůf), 2Nf represents the cycle reversals 

needed to achieve failure of the component, where one reversal is half of one cycle, 

Ůôf is the fatigue ductility coefficient, which is approximately equal to true fracture 

ductility (Ůf), b is the fatigue strength exponent, also known as the Basquin exponent 
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ranging between -0.05 and -0.12, and finally c is the fatigue ductility exponent or 

Coffin-Manson exponent taking values between -0.5 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. Cyclic loading of 

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 component may either 

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 (Fig. 21b) [33]. Mean stress effects are demonstrated mostly at longer 

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

insignificant, when plastic strains become significant at high strain amplitudes [21]. 

 

Many scientists have proposed modifications to the strain-life relationship (Eq. 14), to 

account for the effect of mean stresses. They have developed different forms of the 

strain-life relationship including mean stress effects, either including the effects in the 

elastic component, or plastic or both of the strain-life equation. The following 

equations show two different strain-life equations with mean stress effects [21,28]: 

 

Smith-Watson-Topper:    
Ў
„ ςὔ „ᴂ‐ᴂςὔ        (15) 
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Morrow:                           
Ў

ςὔ ‐ ςὔ                         (16) 

 

However, between the above equations the one suggested by Morrow (Eq. 16) will be 

the one considered in this thesis. 
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I.2.4 Predicting the Fatigue Life of Steel Using the Stress-Life  

       Approach 

 

I.2.4.1 Power Relationship of S-N curve 

 

The S-N curves for various steels tend to coincide, as observed when the non-

dimensional form of the fatigue ratio is plotted on the vertical axis of the S-N 

diagram (Fig. 25).  The fatigue ratio is the ratio of the fatigue limit to the ultimate 

strength of the steel in question. This ratio ranges between 0.35 and 0.6 for steels 

whose ultimate strength is below 1,400 MPa [21,33]. The choice of 1,400 MPa as an 

upper limit of ultimate strength to steels, whose fatigue limit falls within the above 

values, is based on the microstructure of steel. Steels with ultimate strengths above 

1,400 MPa, are prone to cracks due to their microstructure, and therefore have a 

lower fatigue limit [21]. 

 

 

Figure 25: S-N curves for different wrought steels [21] 
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The ultimate strength (Su) and fatigue limit (Se) are related to the materials hardness, 

(in the Brinnell scale), by the following relations. 

 

 Ὓ σȢτυὄὌὔ  Ὢέὶ ὓὖὥ όὲὭὸί ὥὲὨ Ὓ πȢυ ὄὌὔ Ὢέὶ ὯίὭ όὲὭὸί           (17)    

 

Ὓ ρȢχςυὄὌὔ Ὢέὶ ὓὖὥ όὲὭὸί ὥὲὨ Ὓ πȢςυὄὌὔ Ὢέὶ ὯίὭ όὲὭὸί  

                                                     ύὬὩὲ ὄὌὔ τππ                                             (18a) 

 

   Ὓ χππ ὓὖὥ  Ὢέὶ ὄὌὔ τππ                                   (18b) 

 

These relationships can be combined to relate the ultimate strength to fatigue limit 

[33]. 

 

                                    Ὓ πȢυ Ὓ  Ὢέὶ  Ὓ ρȟτππ ὓὖὥ                                (19a) 

                                            

                                    Ὓ χππ ὓὖὥ Ὢέὶ Ὓ ρȟτππ ὓὖὥ                                (19b) 

 

Using these parameters, and the corresponding stress of the material at a fatigue life 

of 1000 cycles (S1000) a power relationship can be formed to estimate the fatigue life 

of steels for lives between 10
3
 and 10

6
 cycles [21]. 

 

                                      Ὓ ρπὔ   Ὢέὶ  ρπ ὔ ρπ                                     (20) 

 

where        ὅ ÌÏÇ   ὥὲὨ  ὦ ÌÏÇ                   (21a and b) 
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I.2.4.2 Power Relationship of S-N Curve using Hardness as a Function  

  of Carbon Content 

 

The fatigue limit  and ultimate strength in 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 

material, as mentioned earlier, depends on the microstructure and carbon content of 

the metal. As a result using the appropriate graph (Fig. 26), information on the 

hardness of a component can be gathered, if carbon content is known. Therefore, 

using information on hardness from Fig. 26, the S-N curve of steel at various carbon 

concentrations can be produced. 

 

 

Figure 26: Hardness as a function of carbon concentration [55] 



 63 

I.2.4.3 Damage Prediction Models 

 

Cumulative Damage theory is the ensemble of attempts to calculate the damage 

caused by cycling, as well as its accumulation when cycling includes more than one 

stress amplitudes [56]. There are two ways to discuss the concept of cumulative 

damage: residual strength, being the instantaneous static 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 discussed in this study 

[57]. 

 

In the case of homogeneous isotropic materials, such as metals, failure is 

characterized by the initiation and propagation of a crack. In metals the strength of 

the material changes little or not at all during fatigue cycling [58], and is the crack 

propagation that defines fatigue damage at low stresses. As a result, these stresses 

become critical in the design of a metal structure [59]. 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: 

 

Palmgren-Miner [60-61]:        

                        

                                          В ɣ ρ                                                   (22) 
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Broutman-Sahu [61-62]:        

                 

                                      В ɣ ρ                                   (23) 

 

and Hashin-Rotem [56,61]:  

 

                                 В ɣ ρ                             (24)         

                                            Ὓ                                                     (25a) 

 

                                          Ὓ                                                (25b) 

 

where ni is the number of cycles under the applied stress, Ni the cycles to failure 

under this same stress, si and sk are the stresses applied, sUltimate  is the ultimate 

strength, and K is the number of repetitions of the loading cycle. 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 less than 1 [63]. 

 

A specimen may be subjected to one or more stress levels and undergo cycling. When 

there are two stress levels, where s1 and s2 are imposed on the specimen for an 

amount of n1 and n2 cycles, respectively, n2 is the number of cycles that will lead the 
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specimen to failure. The amount of cycles of n2 is called the residual lifetime. 

Residual lifetime can be predicted by all three of the above models, when their 

mathematical expression equals 1, i.e. at failure. The couples si and ni are the stress 

and respective number of cycles, used to create a damage curve. The S-N curve 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 by (s, n), shows the 

damage caused to a specimen after n cycles under a load of s. It can therefore be 

concluded, that damage is a way to describe the life of the specimen that is spent 

when it is loaded at s. The ratio  ὶὩὴὶὩίὩὲὸί a life fraction for the specimen, 

which is loaded at si [56]. The Palmgren-Miner 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 more residual 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 Palmgren-Miner. 

 

The Palmgren-Miner damage rule, sometimes referred to as Minerôs sum, (the 

concept of fatigue damage first introduced by Palmgren in 1924, and later represented 

in mathematical form in 1945 by Miner [34]), expresses damage in terms of cycles 

applied at a stress level, divided by the number of cycles that lead to failure at this 

stress level. Each such ratio represents a percentage of life consumed [28,56,62]. 

When the summation of all these ratios equals 1, Eq. 22, failure has occurred.  The 

order in which the stresses are applied has no effect in the fatigue life [28]. 
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When a metal specimen is undergoing a two-stress level loading, damage, according 

to Palmgren-Miner rule, is greater when the first stress is higher than the second 

stress (the sum in Eq. 22 is close or higher than 1), and less damage occurs when the 

loading sequence is a low to high stress (the sum in Eq. 22 is less than 1) [28,62]. To 

account for this discrepancy from unity in the Minerôs sum, Broutman and Sahu 

presented in 1972 a modified Minerôs sum. Broutman and Sahu used the linear 

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 behavior in GFRP, 

especially at higher stress levels [62]. 

 

In 1978 Hashin and Rotem used the concept of damage curve families to represent 

residual lifetimes for two-stress level loading, as well as the fact that equivalent 

residual lives are expended by specimens that undergo different loading schemes
1
. 

They developed a cumulative damage model to predict damage in two-stress level 

loading, which can be expanded for use in multi-stress level loadings [56]. 

 

The Palmgren-Miner rule has been shown not to account for loading sequences, as the 

sum can be calculated irrespective of the loading order. As a result for a high-low 

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

                                                        
1
 This is referred to as the equivalent loading postulate that states: ñ cyclic loadings which are 

equivalent for one stress level are equivalent for all stress levels [56].ò  
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sequence of low-high stress the sum is less than 1 [27,57,63]. The other two models 

take into account the order of loading, thus giving more accurate results. Palmgren-

Miner and Hashin-Rotem rules have been initially designed and tested on metals, 

although later used in GFRP damage predictions. Broutman-Sahu rule 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 non-linearity [64]. Consequently, Palmgren-

Miner is a linear stress independent model, Broutman-Sahu is a linear stress-

dependent model and Hashin-Rotem is a non-linear stress-dependent model. Other 

models have been developed for the prediction of damage accumulation, mostly in 

metals, but also in composites. Most of these models are attempts to modify existing 

damage accumulation theories in order to cover for existing inaccuracies, and develop 

models dependent on the stress level (Marco and Starkey model in 1945) [34].  Other 

models accounted for the damage due to crack initiation and propagation through 

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 

case of creep leading to failure and cyclic fatigue leading to failure. The 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 stresses and number of cycles, and have been used in predicting fatigue both in 

metals and GFRPs. 



 68 

I.2.5 Factors Affecting the S-N Curve 

 

While discussing the manufacturing process of leaf springs, it was mentioned that 

there are various treatments involved in leaf spring 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 component to endure many cycles of 

operation, and not to fail unexpectedly. Knowledge of the fatigue limit, which is the 

stress at which the component will have an ñinfiniteò life, becomes a useful design 

parameter.  

 

As there exist factors that determine the type of fatigue of a component, and 

treatments that will improve the fatigue life of the component, there also exist similar 

factors that influence the fatigue limit. It 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 be subjected 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 fatigue life 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 the base fatigue limit (Sôe), which will be multiplied by the 

appropriate coefficients describing the factors affecting the fatigue life of the 
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component [21,42]. Eq. 26 gives an example of how to calculate the modified fatigue 

limit (Se). 

 

          Ὓ ὅ ὅ ὅ Ȣ ὅ Ȣ ὅ ὅ Ὓᴂ               (26) 

 

Empirical quantities have been determined over the years of research to define 

different situations of the above factors, in order to estimate a modified fatigue limit . 

This modified fatigue limit  should approximate the fatigue limit of the component as 

tested under the conditions described by these factors. Generally, these factors are of 

greater importance at HCF levels, as they have little influence at short lives. When 

loading ceases to be fluctuating and is monotonic, these factors approach 1 [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 stress (Fig. 27). 

 

 

Figure 27: Stress gradient in different size components [21] 
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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 bending through 

 

                                        Se (axial) å 0.6 to 0.9Se (bending)                                     (27) 

                                       

                                       Űe(torsion) å 0.5 to 0.6Se (bending)                                    (28) 

 

Surface Finish: Stress concentrators 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 surface 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 the component. 

As a result, the 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 carbon content of the materialôs surface then the effect is 

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 affected. Lower 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 detrimental leading to corrosive fatigue, and greatly decrease the fatigue 

limit. 
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I.3 Results and Discussion 

 

Sections I.1 to I.2.5 of this first part discussed the manufacturing process of steel leaf 

springs, as well as the theory behind estimating the fatigue life of a component. In 

more detail, in sections I.1 to I.1.4 the manufacturing process of steel leaf springs was 

discussed paying extra attention to the heat and surface treatment steps, as well as the 

effect of these steps on the life and strength of the material. The fatigue life of steel 

and the different approaches to its estimation were presented in sections I.2 to I.2.4, 

while section I.2.5 presented the factors that affect fatigue life and how to account for 

them.  

 

Using the above sections as theoretical background, section I.3 discusses the fatigue 

life of two different steels, AISI 4130 CF and AISI 6150, through experimental 

results, finite element analysis and calculations. 

 

The Chromium Molybdenum steel, AISI 4130 CF, of 0.3% carbon content was tested 

under rotating bending (R=-1). Results of shot peened, carburized and carburized then 

shot peened specimens cycled till failure will be given in section I.3.1.1, showing the 

effects of surface treating, residual stresses and carbon content on the fatigue life of 

steel. Predictions of the fatigue life of AISI 4130 CF, as discussed in theory in section 

I.2.4, will be given in sections I.3.2.1 and I.3.2.2. Finally, section I.3.3 shows how 

finite element analysis (FEA) is useful in predicting the fatigue life of steel by 

introducing a new finite element software that estimates the fatigue life of different 

materials, fe-safe
TM

.  
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The second steel, AISI 6150, is a Chromium Vanadium steel which was fatigue tested 

at two different load rates. One set of tests was completed at an average loading ratio 

of R=0.25 on heavy-duty vehicle leaf springs, and a second set at R=-1 (section 

I.3.1.2), on specimens appropriate for rotating bending. Based on these results a 

discussion on the effect of load ratio on the fatigue life of the particular steel (I. 

3.1.3), and a failure analysis of AISI 6150 steel specimens based on surfaces of 

fracture, microstructure, micro and macro-hardness, as well as roughness of these 

surfaces (section I.3.1.4) is included. As in the case of AISI 4130 CF, the fatigue life 

of AISI 6150 components is estimated in section I.3.2.2 using Damage Prediction 

models, and sections I.3.3.1 and I.3.3.2, using FEA. 

 

Both steel grades are common in the automotive industry. However, AISI 6150 is 

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 compositions and mechanical properties for the two steels are given in 

Appendix A. 
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I .3.1 Experimental Results  

 

I.3.1.1 Surface Treatment Effects on the Fatigue Life of AISI 4130 CF 

  

 

Rotating bending fatigue experiments of AISI 4130 CF were completed on an R.R. 

Moore Rotating Beam apparatus (Fig. 28), in order to determine the effects of three 

different surface treatment methods on the fatigue life of steel specimens. The three 

surface treatments examined are: shot peening, carburizing, and carburizing followed 

by shot peening. Smooth, completely untreated, specimens were also cycled until they 

failed by fracture and were compared to the surface treated ones.  

 

The rotating bending tests are fully reversed loading tests at R=-1. As a result, the 

minimum and maximum loads, and therefore stresses, applied to the specimens are 

equal and opposite. 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 the beam is first loaded and cycling has not yet begun, the part of the beam 

below the neutral axis is stressed in tension. After half a revolution is completed, this 

part of the beam is now under compression, and when the revolution has completed 

one full cycle, these stresses are back to their tensile state. As a result, each cycle of 

rotating bending subjects 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 [66]  

 

The specimens of AISI 4130 CF for the R.R. Moore Rotating Beam tests have an 

hourglass shape [67] (Fig. 28) with a diameter of 0.95 cm on the sides and a center 

diameter of 0.48 cm. The total length of the specimen is 7.62 cm. The specimens are 

fixed on the apparatus with the aid of collets that embrace the right and left sides of 

the specimen. The specimen is loaded symmetrically at two points, on the right and 

left of the middle of the beam, while the load can be varied by choosing the desired 

loading weights, at increments between 0.05 kg to 5 kg.  The bending moment 

capacity of the apparatus ranges between 25 kgcm to 230 kgcm, while a 5kg 

minimum effective weight should always be accounted for in calculations. Finally the 

machine has a rotational speed capacity of 500 to 10,000 rpm, and records the number 

of completed cycles electronically [66]. 
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Figure 29: Fatigue Specimen for the R.R. Moore Rotating Beam Apparatus (Dimensions in cm) 

 

The tests on the fatigue life of AISI 4130 CF steel were all completed at a speed of 

1,800 rpm (30Hz). The loading varied between 1.6 kg to 18.2 Kg
2
, and the tests were 

completed at maximum stresses varying between 292 MPa and 1081 MPa, depending 

on the surface treatment. Three specimens were tested at each stress level, in each of 

the cases of a different treatment.  

 

Fifteen smooth, untreated, AISI 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, respectively. The specimens were cycled until they failed by 

fracture. In the HCF region when the specimens have completed a life of 

approximately 10
7
 cycles, assuming that the fatigue limit has been reached at 

approximately one million cycles, the acceptable life range for steel [21], 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 calculation of stresses. 
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In addition to the above smooth specimens, fifteen AISI 4130 CF hourglass shaped 

specimens were carburized to a 0.762 mm case depth (typical case depths for the 

automotive industry range between 0.8 and 1.4 mm [44]), in order to increase the 

carbon content in the steel. For the carburizing process the specimens, at originally 

0.3wt% carbon, were first heated in an endothermic atmosphere to 927̄ C for four 

hours. This resulted in a 0.9wt% carbon potential. The temperature was then reset to 

829̄ C for another hour maintaining the 0.90wt% carbon content in the steel. Finally, 

the specimens were quenched in oil, and then tempered at 216̄C for two hours and 

air cooled at room temperature. The carburizing process is shown in Fig. 30 as 

temperature versus time in hours.  

 

 

Figure 30: Carburizing process; Temperature versus Time 

 

Apart from the 0.6% increase in the carbon content of the specimens, the surface 

hardness of the specimens was increased as well. The non-treated AISI 4130 CF 
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specimens have a surface hardness of approximately 201 BHN, while the hardness of 

the carburized specimens is 615 BHN.  

 

The specimens were tested at seven maximum stress levels between 292 MPa and 

1081 MPa. As in the case of the non-treated specimens tests, the maximum stress is 

equal to the stress amplitude of the tests.  

 

Fifteen AISI 4130 CF hourglass shaped specimens were tested under rotating bending 

conditions after being shot peened at an intensity of 17 A at a 100% coverage. The 

shot peening process was completed using a shot of ASH-330 size, 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 the surface of the component was 

also examined. This double treatment is often used to improve the fatigue strength of 

high performance gearing [21]. 

 

Testing of these double treated components was completed under the same conditions 

as the ones of the previous three 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 on an S-N plot in Fig. 31. 
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Figure 31: Experimental Results of AISI 4130 CF steel under fully reversed loading 

 

For each stress level of testing three repetitions (trials) of testing were completed and 

an average fatigue life for the each respective stress level was evaluated. As 

mentioned earlier the S-N diagrams are plots of stress amplitude (Sa) versus the life to 

failure of the component, in cycles (N). In the case of rotating bending tests, where 

loading is fully reversed and R=-1, the stress amplitude equals the maximum stress. 

The data points of Fig. 31 show the fatigue life of AISI 4130 CF specimens at 

different stress levels. Each corresponds to a set of data points representing the 

fatigue life of specimen with different surface treatments. Although three trials were 

repeated at each stress level, the S-N curves of Fig. 31 represent 50% probability of 

life [33,35]. 
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For the smooth specimens the life range is between 4x10
7
 cycles, at the HCF region, 

and an average of approximately 20 cycles at the LCF region. At stresses at and 

above 476 MPa failure 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 the specimen manufacturer (Appendix A). Machining of the raw 

material of UTS at 676 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 affects the fatigue life of a specimen even when static 

properties are not affected [21,68]. Taking the fatigue limit of steel to occur at 

approximately one million cycles and above [21], from the plot of Fig. 31 the fatigue 

limit  of the particular smooth specimens can be approximated to 319 MPa.  

 

Regarding the carburized components it can be observed that for most of the stress 

levels at which the specimens were tested fatigue lives are in the HCF region. For 

stresses between 292 and 562 MPa, the fatigue lives of the specimens are much 

longer than those of the non-treated specimens, and all have magnitudes above 10
6
 

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 not fail below 1,000 cycles. The fatigue limit at fatigue lives above 10
6 
for the 

AISI 4130 CF carburized specimens, can be determined from Fig. 31 at a value of 

approximately 362 MPa, which is 43 MPa larger than that for the non-treated 

specimens. The surface treatment of carburizing has indeed a positive effect on the 

fatigue life of the material with an increase of approximately 13% in the fatigue limit. 
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The fatigue life has thus benefited from carburizing, as presented in the works of Asi 

and Matloc [45-46,69]. 

 

However, carburizing also has a drawback, which demonstrates itself when 

examining the way the component fails through fracture. Carburizing while 

increasing the hardness of the componentôs surface, at the same time renders it more 

brittle. Fig. 32 shows a non-carburized, (a), and a carburized specimen, (b), 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 fracture.  Comparing specimens to 

the photo of Fig. 33, of the two specimens under tensile fracture [31], the carburized 

steel surface is therefore, more brittle compared to the non-carburized one, as a result 

of the carburizing process. A change in the color of the steelôs surface due to 

carburizing is also obvious from Fig. 32. 

 

 

 
Figure 32: Fractured AISI 4130 Fatigue Specimens: (a) non-treated (b) carburized 
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Figure 33: Ductile (left) and brittle (right) tensile fra ctures [31] 

 

The maximum stress range for the tests on the shot peened components varies 

between 389 MPa and 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 than 10
7
 cycles. The shot peened 

specimens survived stresses larger than the ultimate tensile strength of 676 MPa of 

the untreated 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 when loaded below 432 MPa.  
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The fatigue limit for the shot peened components can be set at approximately 341 

MPa, at fatigue lives above one million cycles. The fatigue limit of the shot peened 

components in conjunction with the S-N data shows that shot peening, 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 the non-treated components, 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 of the double treated components was completed under the same conditions 

as the ones of the previous three 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 lower stress 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 1.5x10
3
 to approximately 4x10

4
 cycles.  

 

This double surface treatment of the AISI 4130 CF components gives the best results 

among the three cases of surface treatments, or no treatment, examined, as far as 

fatigue life of the specimens is concerned. The fatigue limit in the case of the double 

surface treatment is 562 MPa, 200 MPa higher than in the case of the carburized 

specimens, and the 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 10
5
 cycles, shows that the cycles 

the shot peened component can survive at 432 MPa is within the same magnitude 

range as those survived by the non-treated specimen. However, below and above 432 

MPa the lives of the shot peened component are longer than those of the non-treated 

one. The question thus arises: what happens in the transition 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 of shot peening 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 process. It seems therefore, 

that shot peening in the case of AISI 4130 CF specimens is effective above 432 MPa, 

and has no impact on the fatigue life of the components below that stress. This may 

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

but is not as effective at lower stresses.   

 

The factors that have an effect on the fatigue life of a component were mentioned in 

detail in Section I.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 surface finish factor can be estimated for the three different 

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

Surface Treatment Se  [MPa] Sôe  [MPa]  Csurf.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 industry for the 

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 composition 

(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 the tempering procedure of the material. 

 

The leaf springs tested were part of a parabolic multi-leaf assembly, serving as rear 

suspension in heavy-duty vehicles of the Mercedes ACTROS series. The second leaf 

of the assembly was used as the specimen for the fatigue tests of AISI 6150 steel (Fig. 

34). The geometry of the leaf is shown in Fig. 35. The leaf spring is 1480 mm long 

and has a varying width of 100 mm at the center and 72 mm at the ends
3
. The 

characteristic of parabolic leaf springs is their varying thickness lowering the leaf 

springôs weight, and providing more efficient flexibility, and thus improving ride 

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 tested, maximum 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 multi-leaf spring assembly. A center hole of 19 mm diameter allows a 

                                                        
3 A detailed engineering drawing of the leaf spring is not displayed due to a non-disclosure 

agreement signed with the manufacturing company Aysan. 
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bolt to pass through and keep all leaves of the assembly together. The fillet 

indentations (50 mm in radius) at the ends allow passage for the clamps and U-bolts 

that hold the assembly together at the sides. The cambering arc varies among the 

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 34: Second Leaf of parabolic rear suspension for Mercedes ACTROS series 

 

 

Figure 35: Leaf Spring sketch for ABAQUS/CAE modeling 

 



 88 

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 

discussion of the experiments. The surface of the tempered steel was shot-peened at 

Almen C intensity between 0.25-0.35, based on the manufacturers specifications. 

 

Eleven full-scale 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 of 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 the center 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 at the tension surface of the leaf spring where failure will 

be initiated [5].  Based on the way the leaf spring is mounted on the test rig (Fig. 36) 

the tension surface of the leaf during loading is the bottom one. At this surface strain 
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gages were positioned in 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 Thessaloniki [26] 

 
The gauge length of the gages was 3 mm, and 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 the AISI 6150 Youngôs Modulus 

of 210 GPa. Table 3 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 leaf spring 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 from the center of 

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. Based on this stress 

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 failure prediction 

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 surface [26]. 

 

 

Figure 37: Positions of strain measurements [26] 

 

Table 3: Stress Measurements at the Tension Surface 

 

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

Stress [MPa] 1030 1100 1082 965 784 103.3 

 

 

Figure 38: Stress Measurements at the Tension Surface 
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The fatigue life of the leaf spring is shown in Fig. 39 on a S-N diagram. For the 

maximum stresses applied, the fatigue life of the component spans between 30,000 

cycles and approximately 700,000 cycles. Typical leaf 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 average life of 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 amplitudes, when the maximum 

stress and strain range are increased [5]. 

 

Figure 39: Experimental Results of Leaf Spring Fatigue 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 Table 4. This displacement 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 Rates 

Max. Displacement [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 load on the leaf. Fig. 40 shows this relationship 

for all specimens tested.  

 

 

Figure 40: Maximum Stress vs. Applied Load for all Specimens 
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I.3.1.3 Fatigue Life of AISI 6150 Under Fully Reverse Loading   

 

The same type of leaf springs used as specimens in the previous sectionôs tests, were 

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 in section I.3.1.1, but of different dimensions appropriate for 

the rotating beam apparatus. Fig. 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 Fig. 42. The tests 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 (Fig. 43). The specimens were fixed 

symmetrically on each of their sides on the testing apparatus via mechanical clamps, 

and two equal masses were positioned on 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 approximately 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 spring 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 was loaded 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 

 

 

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 ratios [21,28,32-33,54]. 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 bend tests under fully reverse loading (R=-1), 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 surface and the core, is plotted versus life to failure, 

specimens under R=-1 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 performance than the microstructure and ultimate strength of the 

surface of the leaf spring.  
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Figure 45: Fatigue life for AISI 6150 Steel at R=-1 and R=0.25 
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I.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 spring in section 

I.3.1.2. Failure occurred in the predicted region of maximum stress on the tension 

surface of the leaf spring specimens, and the fatigue cracks were either initiated at a 

corner or the surface of the leaf spring (Fig. 46). In the case of the rotating bend 

specimens, pictures of the fractured surface were taken under a stereo-microscope 

(Fig. 47). From the two figures of the fractured surfaces, in each of the two cases of 

AISI 6150 specimens, the initiation point is visible, as expected under cyclic fatigue 

conditions [70], the crack propagation striations, along which the crack grew until it 

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] 

 
 


