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Sammanfattning 

Inverkan av olika halter av niob på de mekaniska egenskaperna vid rumstemperatur (RT) hos 

gråjärnslegeringar avsett för bromsskivor har undersökts. Niobhalten har gått från 0% i 

skivmaterial 15 till 0,1% och 0,3% i skivmaterialet benämnt 16 respektive 17. Ett annat 

skivmaterial användes som referens. Denna skiva benämnd referensskiva innehåller inget niob 

men 0,32% molybden och har i övrigt samma kemiska sammansättning som de övriga 

bromsskivor.  

Fokus i arbetet har varit att undersöka lågcykelutmattningsegenskaperna (LCF) och försök där 

töjningsamplituden varierats från 0,05% till 0,43% har genomförts på provstavar från de 

tidigare nämnda skivmaterial.  

Resultaten visar att vid en belastning på 0,05% klarar alla material 10
5
 cykler vilket har valts 

som genomlöpare. Vidare framgår att materialet i referensskivan har den kortaste livslängden 

vid alla andra töjningar. Det är däremot svårt att särskilja de övriga tre skivmaterialen, men 

genomsnittligt har legeringarna 16 och 17 en något längre livslängd än 15. De genomförda 

försöken kan inte särskilja livslängden för material 16 och 17 med niobhalt på 0,1% 

respektive 0,3%. Resultaten indikerar att 0,1% niob kan ersätta 0,3% molybden i denna 

tillämpning. 

Försöken visar också att om belastningen huvudsakligen är elastisk ökar livslängden 

dramatiskt. Vidare är det tydligt att de statiska materialegenskaperna förbättras med ökande 

niobhalt och brottspänningen (UTS-värdet) ökar med ca 30 MPa om niobhalten ändras från 

0,1% till 0,3%.   
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Abstract 

The influence of adding an amount of 0.1% and 0.3% niobium to the gray iron alloy used for 

brake discs, these disc materials are called disc 16 respective 17, have been investigated at RT 

(room temperature). That is together with two other alloys, the reference disc which contains 

0.32% molybdenum but lacks niobium and another one with neither niobium nor 

molybdenum in it, this is called disc material 15.  

Focus in this thesis work is on the mechanical properties of the studied materials and for this 

purpose the low cycle fatigue (LCF) properties of the mentioned alloys are investigated. The 

strain controlled LCF were done at strain amplitudes varying from 0.05 to 0.43%.  

According to the results, all the materials become survivors when the applied strain was 

0.05%. For the other applied strain ranges the reference disc material shows the shortest life-

span, while it is difficult to distinguish the other three materials. However, on average 

material 16 and 17 show a slightly better performance compared to material 15. This means 

that niobium can be used to replace molybdenum in this application. However, an obvious 

difference between disc material 16 and 17 cannot be observed when material disc 16 showed 

to be the superior at some applied strains and material disc 17 at the others. For this reason, it 

is more profitable to replace the 0.32% molybdenum with 0.1% niobium. 

The results also show that if the loading is mainly in the elastic region the life increases 

dramatically. It is also obvious that the static properties of gray iron increases with increasing 

niobium content and the fracture stress increases with about 30 MPa when the niobium 

contents go from 0.1% to 0.3%.  
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Nomenclature 

Symbol Description 

  Young´s modulus (Pa) 

   Carbon equivalent (%)  

   The saturation degree (%) 

    Original length (mm) 

    Parallel length (mm)  

    Total length (mm)  

   Diameter (mm)  

   M12 threads (mm)  

  Length of threads (mm)  

  Radius (mm) 

  Diameter (mm)  

      Maximum stress (Pa) 

       Minimum stress 

     Maximum force (N) 

   Circular cross sectional area of the specimens (   )  

   Stress range (Pa) 

   Strain range (mm/mm) 

    Plastic deformation (mm/mm) 

    Elastic deformation (mm/mm) 

   The ratio between minimum and maximum stress (alt. minimum and maximum 

strain) (1) 

       Maximum strain (mm/mm)  

        Minimum strain (mm/mm) 

        Stress amplitude (Pa) 

      Stress mean value (Pa) 



viii 

 

            The total mechanical deformation (mm/mm) 

  
  Fatigue strength coefficient (Pa) 

  
  Fatigue ductility coefficient (mm/mm) 

b The fatigue strength exponent    

c The fatigue ductility exponent 

   The cyclic strength coefficient  

   The cyclic strain hardening exponent 

   Last cycle in life-span 

   ⁄  Mid-life cycle  

     ⁄  Stress range for the mid-life cycle (Pa)   

          ⁄   Stress mean value for the mid-life cycle (Pa) 

    
 Stress range for the last cycle (Pa)  

         
  Stress mean value for the last cycle (Pa) 

        Stress range at the point of crack initiating (Pa) 

           Number of cycles to crack initiating 

 

 

 

 

 

 



ix 

 

  



x 

 

Abbreviations 

LCF            Low Cycle Fatigue 

HCF High Cycle Fatigue 

UTS Ultimate Tensile Strength 

T1 Test number 1 

T2 Test number 2 

T3 Test number 3 

Nb Niobium 

Mo Molybdenum 

Cr Chromium 

Ni Nickel   

Cu Copper 

V Vanadium 

Sn Tin 

C Carbon 

Si Silicon  

S Sulfur 

P Phosphorus 

Mn Manganese 

Ti Titanium  

P-Gain Proportional control 

I-Gain Integral control 

D-Gain Derivative control 

F-Gain Derivative Filter controller 1 

F2-Gain Derivative Filter controller 2 

GLE Gage Length of the Extensometer 

PLS Parallel Length of the Specimen  
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1. Introduction 

In automotive industries, braking system is an imperative safety element of transportation 

systems such as road vehicles. Therefore, the structural materials used in brake discs have to 

fulfill a combination of purposes. They should have good corrosion and wear resistance, 

durability, thermal conductivity and damping properties. A brake disc is a component in the 

vehicle and a weight reducing of this element will attain reduced fuel consumption. 

Consequently, the materials used to manufacture this part should have as low density as 

possible.  

The repetitive braking process causes heating and cooling effects on the brake disc. These 

effects lead to abrasion or/and crack initiating and brake discs should therefore be changed.   

In this report, the focus is on investigating the mechanical properties of brake disc for some 

different gray iron alloys depending on the niobium content. The low cycle fatigue (LCF) as a 

function of niobium content has been determined and compared to the reference disc. Some 

tests are needed to describe the mechanical properties of a component. These tests are 

designed to characterize different types of loading conditions. For example, when the yield 

strength, ductility and stiffness of the material are of interest, a tensile test is needed while the 

fatigue test allows understanding how a material behaves when a cyclical stress is applied.  

1.1 Background 

This report is a part of a predevelopment project to develop a new gray iron alloy and improve 

the performance of brake discs. The requirements for the new disc material are that it 

(together with the brake pad) must have at least as good overall performance as the existing 

combination.  

Brake discs are subjected to high thermo-mechanical loads when the kinetic energy of the 

vehicle converts to heat energy in the disc and the pads during the braking process. This leads 

to disc wear and also to the formation of fatigue cracks due to the thermal stresses generated 

during heating and cooling.                                                

A brake disc with better resistance to fatigue and cracking and retaining good wear and 

friction properties would lead to considerable savings, while including in the form of higher 

utilization of the vehicle. Therefore, the susceptibility of the brake discs to fatigue cracking 

and abrasion should be investigated. One aspect of this investigation is to determine the effect 

of niobium on the mechanical properties of gray iron destined for brake discs.   

 

1.2 Aims and delimitations 

The main intention of this project is to study the low cycle fatigue properties of gray iron 

alloyed with different compositions of niobium. This is by replacing molybdenum, which is 

used in the reference disc, with niobium. Various concentrations of niobium should be studied 

to get an optimization of the mechanical properties of the gray iron alloy of the brake disc. 
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The mechanical properties of the new alloy should at least, have the same properties as the 

earlier one.   

In this thesis work the low cycle fatigue properties of four different gray iron alloys, were 

investigated. All the needed tests for this purpose were done at room temperature.  

Since brake disc are exposed to high temperatures, the mechanical properties at enhanced 

temperatures are also very important. However, in this first investigation focus is on room 

temperature properties. 

Also the fracture area analysis may be significant to study in the context of this work, because 

these analyses may give a picture about the size and number of the pores that may cause an 

early fracture. However, such analyses were not done in this thesis work.  

2. Theoretical Framework 

This chapter gives a brief description the materials used in brake discs. Some examples of 

alloying elements used to improve the mechanical properties of brake disc are also described 

in this chapter. 

2.1 Brake discs 

The disc brake is a component of the braking system of a vehicle and it is a very important 

part because of the imperative function of it. The disc brake is used for slowing or stopping 

the rotation velocity of the wheels while they are in motion. The geometry of the brake discs 

used in this thesis work was the same and according to [ ]. 

The material that a brake disc is usually made of is gray iron and most of the vehicle 

industries use different gray iron alloys to improve the mechanical properties of the disc and 

also its abrasive resistance. The gray iron contains some elements such as carbon and silicon 

which are the main alloying elements. In addition to these, other substances can be used to 

improve, for instance, the mechanical properties of a particular component. Chromium, 

nickel, copper, titanium, molybdenum, niobium etc. are other elements that can be used in the 

gray iron alloys. These elements are described in capital Gray iron alloys. 

In the braking process, frictional material in the form of brake pads (see next section) are used 

to stop the wheel, see figure 1.  
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Figure 1. A schematic view showing the brake system including the brake disc and the brake 

pads [ ]  

The brake pads are mounted on the brake clipper, see figure 2. When the driver pushes the 

brake pedal, the force will transfer hydraulically, pneumatically or electromagnetically against 

both sides of the brake disc. The friction, between the disc pads and the brake disc, is the 

countervailing power which stops/slows the motion of the wheel and converts the kinetic 

energy of the vehicle to heat energy in the brake discs.    

 

Figure 2. The disc brake system components [ ] 

Throughout the energy converting in the brake discs and brake pads, a large temperature 

gradient occurs. During the heating period, the surface temperature of the disc will increase 

and therefore it needs to expand, but the surrounding components have lower temperature 

which prevents the expansion partly and compressive stresses will then occur. This produces 

thermo-mechanical loads in the disc which will eventually lead to initiation and growth of 

cracks and a fatigue failure of the disc see figure 3.      
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Figure 3. Cracks in a brake disc due to repeated thermo mechanical loading [ ] 

Another drawback of repeated braking and thermo-mechanical loads is so-called ―fading‖ 

which can occur when the brake disc becomes very hot due to frequent braking. This makes 

the disc less effective as a result of a drastic reduction of the friction factor.   

2.2 Disc pads 

In this work, focus is on the brake disc material and the properties of the disc pads, also called 

brake pads, are not discussed in detail. However, despite that a short explanation of this 

component is described in this section. This because brake pads are a part of the braking 

process and the disc pads together with the brake disc, stops the wheel and determines the 

performance, see figure 2. Generally, this component consists of the following three main 

elements[ ]:   

 Friction material: this part is responsible to change the kinetic energy of the vehicle to 

thermal energy through friction. Consequently, the element determines the life of the 

brake pads.  

 The binder: this element binds the friction material and makes the pad stable even at 

high temperatures and high pressures.  

 Friction modifiers or frictional additives: these are used to lubricate the lining which 

means that they reduce the work of the wheel brake. Another task of this component is 

to stabilize the adhesion properties, especially at high temperatures.  

In table 1, an approximate composition of a typical organic brake pad is given. 
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Table 1. An approximate composition of a typical organic brake pad [ ] 
Structural Composition Ingredient Amount [    ] 

Fibers Steel, aramid and glass 30 

Matrix Binder 8 

 Other 11 

Friction modifiers Metallic (brass, bronze, iron) 15 

 Graphite 15 

 Metal sulphide 8 

 Quartz 5 

Filler Clay minerals, iron oxide 8 

2.3 Brake disc material 

Brake disc is a device that is used for slowing or stopping the motion of a wheel while it runs 

in a specific velocity. In general, the main material used for this purpose, at least for heavy 

vehicles, is gray iron. Other materials such as aluminum alloys, ceramics and composites are 

also alternative solutions used in specific applications to improve the material performance. 

The gray iron and its mechanical and physical properties are summarized in the next section 

of this chapter.  

2.3.1 Gray Iron 

In classification of ferrous casting alloys, gray iron is a part of the cast irons family and 

normally characterized by the microstructure of flake graphite in a ferrite and/or pearlite 

matrix. The graphite flakes look like a number of potato chips joined together at a single 

location, see figure 4. The name of gray iron is derived from the appearance of its fracture 

surface which has a gray color because of the attendance of flake graphite. The graphite is 

intermixed in a matrix consisting of ferrite and / or pearlite[ ]. 

 

Figure 4. Animated image of flake graphite in gray iron [ ] 

The austenite transformation during the eutectoid reaction and the graphite form determines 

the structure and properties of each type of cast iron. When equilibrium conditions prevail, 

austenite transforms to graphite and ferrite[ ]. 

According to the cooling rate during casting and the amount of carbon together with other 

chemical compositions of materials, the size and distribution of the flake graphite can be 
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controlled. There are some different types of flake graphite in gray iron, see figure 5. A high 

carbon equivalent and slow cooling rate provide large flake graphite which in turn gives a 

high thermal conductivity and good damping. On the other hand, when a high strength is 

required it is more important to produce small flake graphite particles since they have less 

distribution in the matrix.  

 

Figure 5. Graphite flake sizes
1
 

The geometric form of a component and the casting process are the most important factors 

that determine the cooling rate. The size of the graphite can be controlled by choosing the 

material in the mold and controlling the temperature of the melting material.  

The graphite is precipitated at the cooling process. After nucleation of the graphite, the 

graphite flakes grow and form an interconnected, irregular pattern of graphite. The nuclei 

corresponds to the point where the flakes stick together, see figure 4. The matrix fills the 

cavities between the graphite flakes when solidification continues.  

The different distributions of graphite flakes are shown in figure 6. The distribution of type A 

is the most common one and the graphite flakes are randomly distributed and oriented 

throughout the gray iron matrix. When the mechanical properties are to be optimized, type A 

is then the desired one.  

                                                
1
 According to figure 3 in the International Standard ISO 945-1, first edition 2008-11-15. 
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Figure 6. Graphite distributions [ ]  

The graphite of type B forms when high undercooling has occurred compared to that  of 

graphite of type A. Graphite flakes of type C, often called Kish graphite, precipitates as the 

primary phase during solidification of the iron. Type C is not preferred when optimized 

mechanical properties are desired, because it reduces the mechanical properties of the iron 

and produces a coarse surface finish when machined.   

The form of graphite flakes of type D and E occurs when the total amount of undercooling is 

high but not high enough to result in a carbide formation [ ]. Since type D is formed at a 

large high undercooling or thin sections of castings, it is difficult to reconcile a pearlitic 

matrix with this type of flake graphite. However, the graphite flakes of type E can be found in 

a matrix of pearlite. 

The structure of a gray iron can be divided in eutectic cells, where each cell corresponds to 

the graphite flakes which grew out of a single graphite nucleus, and the matrix around the 

graphite. The overall strength of the material can be increased by inoculation, i.e. some nuclei 

producing substances are added to the melt and thus the eutectic cell structure becomes finer, 

with more but smaller cells. The size of the graphite flakes in gray iron is an important factor 

when optimizing the properties of the component[  ], see figure 7. 

 

Figure 7. Effect of maximum graphite flake length on the tensile strength of gray iron [  ] 



Page 8 

 

There are different methods to modify the graphite and changing the carbon equivalent is the 

most common used. Adding different amounts of niobium to the gray iron is also an effective 

method to modify the shape and size of the graphite flakes. The results indicate that the effect 

of niobium on the graphite shape and size is large. Increasing the niobium concentration, up to 

a specific value, leads to finer graphite[  ]. The influence of Nb is described in details in 

chapter 2.3.2.7 Niobium. Depending on the desired properties of the component, three basic 

structural requirements must be satisfied when the composition of the gray iron is selected: 

the required graphite shape and distribution, the carbide-free structure and the required 

matrix[  ].  

Gray iron is basically iron-carbon-silicon alloy that also contains small amounts of other 

elements. The chemical analysis of gray iron can be divided into three categories: 

 Major elements: the major elements are iron, carbon and silicon. Most of the 

gray iron alloys contain an amount of carbon between 3.0% and 3.5% and the 

silicon level varies from 1.8 to 2.4%. Carbon and silicon affect the properties 

of the gray iron. A combination of carbon, silicon and even phosphorus, called 

carbon equivalence (CE) is developed to give an approximation of their 

influence on the solidification of gray iron and its mechanical and physical 

properties. There are some different formulas to compute the CE and equation 

eqn.1a [  ] is used when appreciable amount of phosphorus is present in the 

iron. However; eqn.1b is used in Scania to compute the CE. 

         
        

 
           

        
   

 
 

  

 
           

 

 The minor elements: the minor elements in gray iron are phosphorus, 

manganese and sulfur. Most of castings contain a concentration between 0.02 

to 0.10% of phosphorus while the amount of sulfur usually is varied from 0.05 

to 0.12% for ―optimum benefit‖[  ]. According to some studies, sulfur plays a 

very important role in the nucleation of graphite in gray iron. The amount 

sulfur should be balanced by the manganese content to promote the formation 

of manganese sulfides, see eqn.2. Increased manganese content increases the 

pearlite content whereby the strength and hardness increases[  ]. If white 

solidification occurs, hardness will increase while the ductility decreases by the 

brittle behavior of carbides. Free carbides also create a heavy wear on tools for 

metal cutting.   

                        

 Alloying elements: the properties of gray iron can be modified by adding some 

other substances in addition to the major and minor elements. Adding these 

elements to the gray iron will improve some desired mechanical or physical 

properties. Tin and copper are often used elements to promote pearlite. In this 
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project a special focus on the effect of adding niobium on the mechanical 

properties is investigated.  

The main advantages of gray iron in different applications are the good damping properties, 

the low cost and good casting properties but also the relatively high thermal conductivity that 

reduces the thermal stresses in, for example, brake discs. Therefore, gray iron is the most 

common one among the cast irons.  

In gray iron a wide variation in mechanical and physical properties can be achieved. These 

properties can be produced by controlling the characteristics of its free graphite and matrix 

structures lead to flexibility in its application.  

Iron containing large graphite flakes, can be obtained by high carbon equivalents and 

properties such as good damping capability, resistance to thermal shock and ease of 

machining can thus be attained. As affirmed by Roehrig, no iron meets all the desired 

requirements optimally[  ]. For example, the thermal conductivity of the iron increases when 

the flakes become coarser and longer and also when the amount of free graphite increases 

while higher tensile strength is obtained when the iron contains small graphite flakes[  ]. 

Consequently, it is difficult to obtain both high thermal conductivity and high strength value.  

Therefore, a compromise between them must be achieved.  

2.3.2 Gray Iron alloys 

In order to achieve desired mechanical properties when producing grey iron alloys, alloying 

elements of various kinds are usually used. Different elements have different influence and in 

various degree of effect. Sometimes expensive alloying elements like molybdenum are used 

in the production of gray iron. This is often done without full knowledge of possible influence 

of alternative alloying elements. The purpose of the added alloying elements is often to 

increase the tensile strength and promote pearlite formation.    

The composition together with the cooling rate determine the mechanical properties of gray 

iron. These factors influence the graphite proportion, shape, distribution, size, the structure of 

the matrix and eutectic cell density. In chapter 2.3.1 the influence of these factors is described 

in details. 

The effect of alloying elements on the mechanical properties is generally greater the lower the 

carbon equivalent (CE) is. A reduction in carbon equivalent means less graphite, whereby the 

effect of the alloying substances becomes greater because the matrix becomes more 

important. On the other hand, the high carbon content reduces the formation of thermal cracks 

because it gives a good thermal conductivity for the material[  ]. A balance between the 

carbon content and the alloying elements is therefore very important to achieve.  

Some of the most used alloying elements and how they influence the mechanical properties of 

gray iron at room temperature are described below. The usually used ranges of these elements 

are summarized in table 2. However, it is important to note that combined effect of different 
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effects of different alloying elements may give a different result compared to adding a single 

element to a base alloy.  

Table 2. The typical range for some usable gray iron alloying elements [  ] 

Element Composition [ ] 

Chromium 0.2 - 0.6 

Molybdenum 0.2 - 1 

Vanadium 0.1 - 0.2 

Nickel 0.6 - 1 

Copper 0.5 - 1.5 

Tin 0.04 - 0.08 

Chromium  

Chromium has the ability to promote pearlite formation and has a strong carbide stabilizing 

effect on structure formation[  ]. In low concentrations, chromium is considered to have a 

favorable impact on cell density of graphite in gray iron eutecticum and thus the mechanical 

properties of gray iron as explained in chapter Gray Iron. 

At a chromium concentration over 0.4 %, free carbides start to appear which gives an increase 

in hardness while strength and machinability decrease[  ]. An addition of copper and nickel 

will counteract the formation of free carbides caused by the extra addition of chromium.  

The dimensional dependence of mechanical properties is reduced by the addition of 

chromium which is pearlite stabilizing. Coarser sections can be obtained with homogeneous 

pearlitic matrix by the addition of chromium. 

Molybdenum  

Like chromium, molybdenum also has a carbide stabilizing impact, but in a much smaller 

degree. Molybdenum improves the mechanical properties of gray iron in that it acts as pearlite 

refining and promotes its formation. With moderately high molybdenum concentrations 

(about up to 0.6%) the strength and hardness of gray iron can be improved, [  ] page 6. 

Another similarity between molybdenum and chromium is that molybdenum also reduces the 

dimension-dependent of mechanical properties. 

Unlike chromium, molybdenum has a much lower tendency to form carbides which cause a 

brittle material. 

The carbon content in the gray iron alloy plays a major role on the influence of the 

molybdenum impact on the mechanical properties of gray iron. In figure 8, the influence of 

two different carbon contents on the effect of molybdenum on the ultimate tensile strength
2
 

(UTS) of gray iron is shown.  

                                                
2
 The ultimate tensile strength is the maximum stress that a material can survive while being stretched 

before occurring of fracture. 



Page 11 

 

 

Figure 8. Effect of molybdenum on the ultimate tensile strength of gray iron [  ] 

Nickel  

Nickel also has the ability to increase the strength and the hardness of gray iron materials 

because of its capability to raise the amount of pearlite. Nickel reduces the rate of the carbon 

diffusion in the austenite and also decreases the eutectoid transformation temperature. 

Consequently; nickel has a pearlitizing effect at the eutectoid transformation.  

Copper  

This alloying element has the same influence on the eutectic temperature
3
 as nickel. 

According to [  ] page 8, copper also increases the cell density which has a great significance 

for the mechanical properties, for example tensile strength, of gray iron. Furthermore; copper 

is pearlite promoting and also pearlite refining element and its impact is most obvious at a 

concentration between 0.25% and 0.5%[  ]. As the earlier described alloying elements, also 

copper reduces the dimensional dependence of mechanical properties.  

As shown in figure 9, the tensile strength increases with increasing of the copper content in 

gray iron until an optimum value at about 3%, however different values of tensile strength can 

be observed due to different carbon amount.   

                                                
3
 A eutectic system is a mixture of chemical compounds or elements that has a single chemical 

composition that solidifies at a lower temperature than any other composition. This composition is 

known as the eutectic composition and the temperature is known as the eutectic temperature[  ]. 

http://en.wikipedia.org/wiki/Mixture
http://en.wikipedia.org/wiki/Chemical_composition
http://en.wikipedia.org/wiki/Chemical_composition
http://en.wikipedia.org/wiki/Solidification
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Figure 9. Tensile tests for gray iron specimens,        , and the copper influence on 

tensile strength at difference carbon compositions [  ] 

Vanadium 

An important impact on increasing the tensile strength and hardness can be noticeable when 

adding small concentrations of vanadium into gray iron. At higher concentrations, carbides 

will form which consequently increases the hardness while it decreases the tensile strength 

[  ]. Figure 10 indicates how the content of vanadium, chromium and molybdenum effect on 

tensile strength and hardness.  

 

Figure 10. Effects of alloying elements on some mechanical properties of gray iron[  ]  
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Tin  

According to some researches a higher tin content than 0.1% will cause matrix embrittlement 

and reduce the tensile strength. Therefore, tin should be added in very small concentrations 

and a proper range is between 0.025% and 0.1% because tin works as a strong pearlite 

stabilizer in this range[  ]. Tin has the ability to inhibit the diffusion of carbon which is a 

pearlite promoted impact. Tin also reduces the dimensional dependence of mechanical 

properties.    

Niobium 

Niobium has a long history as an alloying element in steel. A composition of 0.1% niobium is 

usually preferred in steel and the main impact of it is to increase the tensile strength and the 

toughness. The case is not the same when talking about the influence of niobium on gray iron 

which is recently used as an alloying element to improve the mechanical and physical 

properties of gray iron in some applications such as brake discs.  

When adding niobium, the wear resistance and the strength are improved while no decrease in 

toughness can be registered. Niobium has the ability to refine the eutectic cells and the 

graphite. In figure 11 it is clear that an increase in niobium composition in gray iron refines 

the pearlite[  ].  

 

Figure 11. Effect of niobium on refining pearlite in gray iron[  ]  

 According to Faramarz and Salman Jalalifar, who studied the thermal characterization of 

brakes, the friction coefficient between the brake disc and brake pad is highly dependent on 

the temperature and therefore the high temperatures in this area should be decreased quickly 

to avoid decreasing the friction coefficient[  ].   

The effect of adding different amount of niobium on the graphite morphology of gray iron had 

been studied in[  ]. The study shows that niobium has almost no effect on the type of the 

graphite. On the other side, niobium has a gigantic influence on the shape and size of the 

graphite flakes, see figure 12, which leads to improvement of the mechanical properties of 

gray iron as explained in chapter 2.3.1. The impact of adding more niobium to the gray iron is 

clearer when comparing figure 12 (a) with (b) i.e. the refining effect is much better when 

adding 0.29% Nb instead of 0.042% while this effect becomes weaker when adding higher 

amounts of niobium, see figure 12. 
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Figure 12. Effect of niobium on the graphite in gray iron[  ] 

In a similar way to the graphite refinement, the eutectic cell size and quantity improves. This 

effect is summarized in table 3, where sight field is the diameter of the circular area that was 

investigated [  ].  

Table 3. Eutectic size and count in gray iron depending on Nb-composition [  ] 

Nb % Sight Field      Number of eutectic cells Average diameter 

0.042 Φ40 < 50 950 µm 

0.29 Φ40 < 150 500 µm 

0.85 Φ40 < 250 300 µm 

1.48 Φ40 < 180 400 µm 

 

PH.D Hardy Mohrbacher writes in his article [  ] that Nb-amount over 0.25% increases the 

wear resistance even more because of the precipitation of niobium carbides while the strength 

does not increase by increasing the Nb-composition more than 0.25%. Mohrbacher argues the 

same results about niobium’s impact on the size and count eutectic cells. Niobium’s 

refinement effect of eutectic cell size is shown in figure 13.  

 

Figure 13. Effect of Nb content on refinement of eutectic cell size[  ] 
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The effect of niobium on modification of the graphite in gray iron is shown in figure 14 which 

is similar to figure 12. That is the influence of increasing the content of niobium in gray iron 

affects the shape and size of the graphite flakes while the type of graphite flakes is still the 

same. The graphite refinement is much clearer at lower content of niobium. 

 

Figure 14. Effect of Nb content on graphite in gray iron[  ] 

The influence of adding up to 0.5% niobium on the mechanical properties of gray iron is 

presented in figure 15 where two specimens with two different sectional areas were used[  ]. 

According to this study, the tensile strength increases by increasing the amount of niobium 

due to an increase in the number of eutectic cells on the formation of finer graphite flakes. 

However, an addition between 0.1 to 0.3% Nb is recommended.    

 

Figure 15. Effect of Nb on mechanical properties of gray iron[  ] 

According to Joachim Porkert and Wolfgang Lotz, an amount between 0.38 and 0.45% 

niobium is preferred to add to gray iron alloys when producing brake discs. Porkert and Lotz 

mean that ―the tensile strength, wear resistance and heat cracking resistance of the brake disks 

cast from such an alloy provide a very high service life of the brake disks which permits their 

use in utility vehicles‖[  ]. 

The influence of niobium in cast iron has also been studied by Åkers Sweden AB and the 

result shows that the tensile strength, see figure 16, improves as a function of the niobium 
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content in the gray iron alloy. The results from Åkers Sweden and those from figure 15, 

differs perhaps due to different chemical compositions, the testing method and/or other 

geometry of the used specimens.   

 

Figure 16. Tensile Strength as a function of the niobium content[  ] 

3. Method 

The main part of this work concerns strain controlled low cycle fatigue testing. Consequently 

it was very important to ensure good working conditions for the tests. This chapter gives a full 

description on the used machine and the used software, test specimens and test method. 

3.1 Choice of Material 

The chemical compositions of the tested materials are given in table 4, where    is the 

saturation degree and calculates according to eqn. 3. All the mechanical tests were done with 

the MTS-machine ―PYRET‖.  

   
  

                            
          

It is important to note that the compositions of the molybdenum in disc 15, 16 and 17 differs 

slightly from the desired 0% due to the fact that the raw material used in the casting process 

may contain small amounts of molybdenum. This also explains why the niobium composition 

is not exactly equal to 0% in disc 15. 

Table 4
4
. The difference in chemical composition of the brake discs [  ] 

             

Ref. 
Disc 

 

0.32 

 

0 

 

1.0162 

 

4.277 

Disc 
15 

 

0.03 

 

<0.005 

 

1.0056 

 

4.237 

Disc 
16 

 

0.03 

 

0.099 

 

1.0218 

 

4.299 

Disc 
17 

 

0.03 

 

0.26 

 

0.9875 

 

4.164 

                                                
4
 All the data given in this table are in [ ]. 
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3.2 Test specimens  

A characteristic specimen for the purpose of fatigue tests has three regions: the two grip ends 

and the test section. The function of the grip ends is to move the load from the load unit of the 

machine to the test section. The specimens could be mounted in to the machine Pyret using 

two fixtures with geometry as shown in figure 17. For this reason, the specimens should also 

have threaded ends of the M12 type. The geometry of the samples can be seen in figure 18 

and table 5.  

 

Figure 17. A schematic view showing the fixtures 

The geometry of the used specimens is a very important parameter when comparing the 

results of related but different test samples. Different cross sectional area or different length of 

the specimen affects the results. For example an increase in specimen size lowers the fatigue 

life of it[  ]. 

Inhomogeneity of the material requires a certain minimum the diameter of the specimen to 

obtain representative results. The eutectic cells could be large in size, sometimes a few 

millimeters. Therefore the diameter of a specimen cannot be too small it is important to have 

some eutectic cells in the sectional area of the specimen. Further, the specimens are 

manufactured from brake discs with a thickness of 14 mm, which limits the maximum 

diameter of the specimen. Consequently; all the used specimens in the presented tests, were 

made of exactly the same geometry.    
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    Original length,     parallel length,     total length,    diameter,    M12 threads,    length 

of threads,   radius 

Figure 18. A schematic view showing the specimen
5
and its geometry 

The radius   shown in figure 18 is designed in this way to remove any stress concentrations 

in the transition process of loads from the machine during the end grips to the test section of 

the specimen.   

Table 5. The geometry of the specimens 

Indication d [mm]    [mm]    [mm]    [mm] R [mm] Thread n [mm] 

7C35 7 35 50 90 5 M12 15
6
 

 

3.3 Test equipment 

All the needed tests were done at Scania by using the MTS-machine
7
, called ―Pyret‖, which 

can be used for axial testing with a maximum load of 25 kN. In figure 19 a picture on the 

machine, where a specimen and an extensometer are mounted, is shown. Apart from the load, 

the displacement of the load unit can be recorded together with other devices for measuring 

deformation such as extensometers.  

                                                
5
 The geometry of the specimens was chosen according to Swedish Standard SS112113. The used 

indication in this project was 7C35.  

6
 Extra long threads were needed to give enough space to the nuts.   

7
 MTS Systems is a provider of mechanical test systems for material testing, fatigue testing and tensile 

testing[  ] 
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Figure 19. MTS-machine “PYRET” 

The setup of the hardware and controlling parameters are done by software connected to the 

testing machine and developed by MTS. All measured signals can be used as control 

parameters for the apparatus.  

The specimens are hydraulic clamped to the specimen holder; see figure 20 and figure 21 

shows the control unit that controls the clamping force.  

 

Figure 20. A schematic view showing the clamping grips 

 

 

Figure 21. The control unit was used to control the clamping force 
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The ends of the specimen were threaded and fixed in two fixtures which in turn were clamped 

into the specimen holder. In order to avoid play between the specimen ends and fixtures, 

when the loading goes from tensile to compressive or vice versa, two nuts were used as shown 

in figure 22. 

 

Figure 22. A specimen mounted in the fixtures using two nuts   

An extensometer with a measuring length of 25 mm was used in all the tests. In some 

experiments two extensometers were used, the other one also had a measuring length of 25 

mm. A picture on the extensometers is shown in figure 23. The purpose of using two 

extensometers is described in details in chapter 3.4.  

 

Figure 23. The extensometers  

Both of the extensometers measure the axial elongation and were attached to the specimen 

before the test began. The properties of the test equipment and the range of their working area 

are as follows:  

The machine PYRET: 

Manufacture: MTS, model 858 ―Table Top System‖. 

Load capacity: ± 25 kN 

Load unit: Errors of up to 2% of indicated load. 

Specimen holder: Hydraulic controlled grips that can be exchanged to suit different 

geometries.   
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The extensometers: 

Length of measurement: 25 mm.  

Manufacture: MTS, model 634.11F-24
8
. 

Error tolerance: 2% of reading strain at all measurement ranges.  

This extensometer can be used for both tension and compression strains.  

Length of measurement: 25 mm.  

Manufacture: MTS, model 632.12F-50. 

Error tolerance: 2% of reading strains at all measurement ranges.  

This extensometer is suitable only for tension strains. 

3.4 The testing method 

As a first step in the testing method, the maximum force that could occur during the execution 

of the tests was calculated to see if it will meet the maximum working range of PYRET which 

is 25 kN. The calculation was made according to eqn.3.  

      
    

  
          

Where,       is the maximum stress that can occur and    is the circular cross sectional area 

of the specimen. The maximum force      could then be computed since the maximum 

stress, based on earlier experiments, would not exceed a value of 300 MPa. In addition, 

according to figure 18 and table 5, the diameter of the specimens was chosen to 7 mm. The 

force      could then be computed to 11.5 kN which is far away from the working range of 

the machine. This means that the specimens can be tested using PYRET by a large margin.  

Next step in the testing method was to make sure that the test specimen is fitting with an angle 

of 90 degrees with the horizon in different possible axis, when mounting it in Pyret. Both of 

the extensometers were used to check this part. A spirit level was also used to make sure that 

the ground of the specimen holder and even the fixtures are straight. When a test specimen is 

not perpendicular to the horizon, it will not be purely axial which may affect the fatigue life of 

the specimen.  

For this purpose two different tests were done. In the first one, the extensometers were 

mounted on two different positions in the vertical axis as shown in figure 24 (a). A force-

controlled test was then started and the extension/contraction values were plotted as a function 

of running time. In the second test, the extensometers were moved by an angle of 90 degrees, 

see figure 24 (b), and in the third case the extensometers were moved by 180 degrees to the 

opposite side and their position in the vertical axis was also changed as shown in figure 24 

(c).   

                                                
8
 For full description of this extensometer please visit http://www.mts.com/downloads/300163-01.pdf 

 

http://www.mts.com/downloads/300163-01.pdf
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           (a)            (b)         (c) 

Figure 24. The extensometers mounted at different positions on the specimen  

The results of this control, which was done a couple of times for each type of material, are 

presented in figure 25 and it is clear that the difference between the extensometer signals is 

very small, less than 0.008% at a strain of 0.06% which corresponds to a stress of about 40 

MPa, see figure 38 in chapter 4.1. The difference between the extensometer signals is 

expected to be larger at higher stress levels than 40 MPa. At a stress value of 120 MPa   

(    ), the difference between the extensometers is expected to be less than 0.024% 

(        ), which is still small, because the stress-strain relationship is not linear.  

It is also noted that the same extensometer gives the same output signal independent on the 

position, see figure 25. This means that the small difference found is due to the error tolerance 

of the extensometers and not due to misalignment of the specimen with the load axis. 
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Figure 25. The extension signals from the extensometers at different positions  

A last check on the position of the specimen was done using only one extensometer. Force-

controlled tests were used with the extensometer placed at four different positions, see figure 

26 (a) – (d). The settings were of course the same in all cases.  

  

 (a)              (b)           (c)                     (d) 

  Figure 26. Different positions of the extensometer  
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The results of these tests are shown in figure 27. The plots show that the extensometer signals 

illustrate almost the same results independent on the position of the extensometer which 

means that the specimen has an angle of 90 degrees with the horizon. The start value of the 

black curve (d) in figure 26 is not equal to zero and that is why this curve does not exactly 

follow the other curves. The difference between the signals in figure 27 is less than 0.001%. 

 

Figure 27. The extension signal at different positions of the extensometer (for explanation of 

(a)-(d) see fig. 26) 

It is also very important to check the response of the specimen to the applied load (in this case 

the strain). In order to get a smooth curve, unlike the curve shown in figure 28, it may be 

necessary to study the influence of different control parameters by making different ―auto 

tuning‖ tests. It was discovered that the ―auto tuning‖ function did not work well enough 

because of that the extension values, which were used in this project, were very small. 

Consequently, a ―manual tuning‖ was the solution to get a smoother curve. Another parameter 

which had a big influence on the curve appearance was the valve balance value and dither 

frequency value which controls the valve movement. All the parameters are tabulated in   

table 6. 

Table 6. The control parameters 

Parameters Before modifications After modifications 

P-Gain 2 990 5 700 

I-Gain 0.50 500 

D-, F-, and F2-Gain 0 0 

Valve balance -1.469 V -1.539 V 

Dither frequency 835.8 Hz 1500 Hz 
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Figure 28. The output signals for gray iron before the parameter modifications  

The values of the control parameters in table 6 depend on the type of control signal (force, 

displacement, extension etc.) but also on the geometry and properties of the tested specimen. 

As an example, in figure 29 the same control parameters have been used for a specimen of 

steel and grey iron with the same geometry. As seen there is a large difference of the resulting 

curves.  

 

Figure 30. The output signals for steel before the parameter modifications (compare with 

figure 28) 

The final modifying of different parameters is presented in figure 31, where the used 

parameters were according to table 6. 
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              (a) Steel                             (b) Gray iron 

Figure 31. The output signals for gray iron after the parameter modifications 

All fatigue tests that are presented in this report were strain controlled. Before a test was 

started a force controlled pre-test at very small loadings was done to make sure that the 

extensometer was properly attached to the specimen. Another measure was to choose a ―sine 

tapered‖ curve for the control signal, see figure 32 which gradually increases the signal to the 

desired value.  

 

Figure 32. “Sine-tapered” curve 

-5,00E-04

0,00E+00

5,00E-04

1,00E-03

1,50E-03

2,00E-03

2,50E-03

3,00E-03

3,50E-03

4,00E-03

4,50E-03

0 5 10 15 20 25 30

S
tr

a
in

 (
m

m
/m

m
) 

Time (sec) 



Page 27 

 

A stress-strain curve usually has a form as the OAB part shown in figure 33. If the test 

specimen is unloaded after the yield stress value, point A, the stress-strain diagram will follow 

a line, BC, with a slope equivalent to the linear part from the start point, i.e. OA. If the 

loading process is continued to a compressive value (    ⁄ ), the material yields at a level 

less than the yield stress which is otherwise just under point A.  

 

Figure 33. Stress-strain loop for constant strain cycling[  ] 

A hysteresis loop, as shown in figure 33, will form if the loading process is continued and the 

specimen will be loaded from a value of (    ⁄ ) to a value of (   ⁄ ). The area enclosed by 

the curve is the energy per unit volume for the period of one cycle. Note that the curve shown 

in figure 33 is a typical cycle of a stress-strain diagram for low cycle fatigue tests. Because of 

so called Bauschinger effect, the material’s stress/strain characteristics is not the same for all 

the cycles since the microscopic stress distribution of the material changes for each cycle[  ]. 

Generally, the hysteresis loop stabilizes after about 100 cycles and an equilibrium condition, 

for the applied strain amplitude, obtains for the material[  ].  

It is important to mention that, unlike the linear (OA) part in figure 33, gray iron does not 

show linear elasticity[  ]. Thus, it may be difficult to determine the E-modulus of gray iron. 

3.5 Fatigue testing 

With fatigue testing means the gradually and localized change in the microstructure when a 

material is applied to cyclic loading which can be fluctuating stresses or strains that can lead 

to initiating of cracks and in case of sufficiently long time and/or high applied load, failure 

may occur. All the fatigue tests which are represented in this thesis work were controlled by 
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the strain signal. The nominal maximum stresses are less than the ultimate tensile stress limit 

and may be under the yield stress level of the material. 

The process of the fatigue testing starts by initiating of micro structural cracks due to the 

loading and unloading on the material. The fracture may occur when the cracks, after a certain 

period of time, reaches a critical size. According to[  ], the procedure of fatigue consists of 

three stages: 

 Initial fatigue damage leading to crack nucleation and crack initiation. 

 Progressive cyclic growth of crack. 

 Final, sudden fracture of the remaining cross section. 

An important parameter in fatigue testing is the R-value, which is the ratio between the 

minimum stress and maximum stress, see eqn. 4. R-values between 0 and 1 indicate that 

tensile loads prevails and R-values larger than 1 indicate compressive loading. Negative R-

value means that there are both tensile and compressive loads acting on the specimen.      

  
    

    
  Or   

    

    
          

The applied stresses on a material are described by three quantities. The mean stress,      , 

which is the average of the maximum and minimum stresses in one cycle, see eqn. 5. The 

stress range,   , which is the difference between the maximum and minimum stresses in one 

cycle, see eqn. 6. The stress amplitude,       , which is one half the range of stress in one 

cycle see eqn. 7 and figure 34.   
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Figure 34. The definition of stress quantities [  ] 

3.6 Wöhler diagram  

Wöhler curve, also called an S-N-curve, shows the fatigue life corresponding to a certain 

stress, alternative the allowable stress amplitude for a certain service life. Fatigue is the 

process in which a material is applied to cyclic loading and unloading. Fatigue begins with 

initiating of a microscopic crack which can develops to a macroscopic crack under some 

circumstances and when the crack has reached its critical size, the fatigue occurs.  

Wöhler curves are produced by making experiments with different loading and register the 

number of cycles to failure. Wöhler curve does not take any influence of the mid stress value 

into account. Therefore, the curve is only applicable for a specific R-ratio           ⁄  . 

The fatigue strength of a component is usually recorded in a logarithmic scale for plotting the 

Wöhler diagram.  

A steeper curve indicates that life-span is not susceptible to change in load while a flatter 

curve means that the life-span is sensitive to load changes[  ].  

The Wöhler diagram can be divided into three parts; a low cycle fatigue where the number of 

cycles is under     which is different for different materials[  ], a high cycle fatigue where 

the number of the load cycles is over         cycles and a third part is when the stress 

amplitude is at its maximum value i.e. at the static fracture point, see figure 35.  
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Figure 35. Wöhler curve [  ] 
 

Usually the specimen is said to has an ―infinite life‖ when it exceeds its fatigue limit. That is 

at sufficiently low load amplitude which is not able to develop micro cracks, which forms in 

the initially fatigue process, to a macro crack and the fatigue failure will not occur for stress 

values below this amplitude. This limiting stress is known as the fatigue limit or endurance 

limit, meaning that the material endure an infinite number of cycles without fracture.  

However, recent studies about high cycle fatigue (HCF) do not use the term ―endurance limit‖ 

due to doubts about phenomena of a true endurance limit. Stanzal-Tschegg explains in her 

editorial on the state of fatigue testing in the very high cycle regime: ―During the last few 

years, long life fatigue failures have been detected even in materials which were assumed to 

have an endurance limit, such as high strength steels‖ [  ]. 

In low-cycle fatigue, tests are performed with controlled cycles of elastic plus plastic strain 

rather than with controlled load or stress cycles[  ].   

The total mechanical strain amplitude is the summation of the elastic and plastic strain 

according to eqn. 8 and figure 33. The Coffin-Manson relation, see eqn. 9, applies eqn. 8 and 

is usually used when determining the low cycle fatigue (LCF) behavior where the plastic 

strain is the basic parameter. The ranges of the plastic and elastic strain range components are 

not constant and in most case they vary from one cycle to another during the test process as a 

consequence of cyclic hardening and softening.  Practically, the values of the elastic and 

plastic strain can be calculated from the hysteresis loop, see figure 33, which represents the 

mid-life, i.e.    ⁄ , in the test [  ].  
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Where            is the strain amplitude,   is the elastic E-modulus,   
  is the fatigue strength 

coefficient,   
  is the fatigue ductility coefficient,    is the number of cycles to failure,   and   

are the fatigue strength- and the fatigue ductility exponents respectively [  ]. The second 

term in eqn. 9 is the plastic deformation where the stress is high and a low number of cycles 

are then needed to occurring of failure in the material. 

A strain-life curve is shown in figure 36. The influence of the plastic and elastic components 

on the strain life curve is also shown. In this project, the number of cycles was limited to the 

LCF region, i.e. about     cycles. 

 

Figure 36. Strain-life curve [  ]   

A similar diagram to the Wöhler curve shown in figure 36 was determined for the reference 

disc and it is shown in figure 37. The equation for the red curve is the same as eqn. 9 where 

the constants   and   were computed to -0.139 and -0.771 respectively[  ].     
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Figure 37. The strain-life curve (Coffin-Manson) [  ] 

Low cycle fatigue is dominated by the plastic strain and because of that it was not easy to 

include the tests with applied strain less than 0.20%. Manson and Coffin have found that the 

plastic strain amplitude is the principal factor which the fatigue life for a specimen depends on 

[  ]. 

3.7 Accuracy 

The MTS-machine ―PYRET‖, that was used in this thesis work has a maximum deviation of 

2% in its load cell. Also the used extensometers have a maximum deviation of 2% as 

described in chapter 3.3. 

Apart from the deviations due to the equipment used in this work, each sample produces 

results that are valid for the current specimen. This is because iron is inhomogeneous with 

graphite of different shape, appearance, size and distribution. Therefore, the measurements are 

only an indication on the behavior of the different alloys that were investigated in this work. 
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4. Results and Analysis 

This chapter describes the practical tests conducted during the thesis work, and also the results 

that were obtained from these tests. The executed tests had all been made at room temperature 

and were controlled by the extension signal unless otherwise is indicated.  

At least two tests were done of each applied strain
9
 and all the diagrams and tables in this 

chapter are only representative results from the first test unless otherwise is indicated. All 

specimens used in this thesis work are shown in appendix 1 and their results in appendix 2. 

Due to strain-controlled tests, the R-value is always based on the minimum and maximum 

values of the strain signal and therefore it is always equal to zero unless otherwise is 

indicated. 

Before starting any of the tests that were executed in this work, the maximum force that could 

occur during the execution of the tests was computed to check if the produced forces will 

meet the maximum working range of PYRET which is 25 kN, see 3.4. 

4.1 Tensile tests 

The first step in this study was to make the tensile tests, which were controlled by the 

displacement-signal, for all the different materials represented in table 4. The results for this 

part are summarized in figure 38.  

The tensile tests show that material disc 15, which has neither molybdenum nor niobium in its 

chemical composition, has the lowest ultimate tensile strength (UTS) value among all the 

materials that were tested in this work. Another observation is that the value of the tensile 

strength increases with increasing niobium or molybdenum content. Material disc 16, which 

contains no molybdenum but 0.1% niobium in its chemical composition, has a little higher 

value of tensile strength than material disc 15. 

Material disc 17 shows the highest UTS-value, about 165 MPa, and the niobium composition 

in it is 0.3% which means more Nb in this material. The reference disc, which contains no 

niobium but 0.32% Mo, has the next highest UTS. This indicates that adding 0.3% Nb to the 

alloy gives higher UTS than 0.32% Mo to the same alloy.  

 

 

 

 

 

                                                
9
 Only one test was done for 0.05% applied strain at which all the investigated materials become 

survivors.    
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Figure 38. The tensile test for all the material types  

The Young’s modulus (also known elastic modulus, E-modulus) was calculated for all the 

materials using the plots in figure 38. It is important to note that because of the non-linearity 

behavior of gray iron, it was not simple to compute the E-modulus which is the slope of the 

―linear‖ part of the curves shown in figure 38. The E-modulus was calculated as the initial 

linear part of the curve up to about 50 MPa. The values of the computed E-modules together 

with the average values of UTS and strain of all the used materials are summarized in table 7. 

The average values of UTS and strain were computed for 2-4 tensile tests while E-modulus is 

calculated for the results indicated in figure 38.  

Table 7. E-modulus and the fracture point values 

Type of material E-modulus [   ] UTS [   ]    [ ]  

Reference disc 80 147 ± 8 0.53 ± 0.067 

Disc 15 68 130 ± 4 0.69 ± 0.034 

Disc 16 72 128 ± 3 0.71 ± 0.072 

Disc 17 82 165 ± 3 0.68 ± 0.063 

 

According to the computed values in table 7, the E-modulus increases with increasing of the 

niobium (or molybdenum in case of the reference disc). The effect of niobium on the E-

modulus is greater than that for molybdenum despite of higher composition of Mo, 0.32% 

compared to 0.30% Nb, see figure 39. Therefore, a stiffer material is available by using Nb 

and also with lower compositions than Mo.   

 

     Strain (mm/mm) 
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Figure 39. E-modulus as a function of Nb and Mo 

4.2 Low Cycle Fatigue, Reference Disc Material 

The stress-strain diagrams were plotted and analyzed for all the fatigue tests and all the 

material types that were involved in this thesis work. A typical stress-strain curve in fatigue 

test is shown in figure 40. The small part that sticks out in the first cycle is because of the 

chosen form of the controlled signal i.e. the ―sine tapered‖ signal shown in figure 32.  

 

Figure 40. Fatigue test, stress-strain curve 

The stress-strain curves for the second, mid life and the last cycles were plotted to get a clear 

picture on how a fatigue test is looking from the start up to the fracture point. In figure 41 (a) - 

(g), the diagrams related to the reference disc are shown. When the applied strain is 0.05%, 

see figure 41 (a), the stress-strain curve is almost the same for all the cycles and the 

deformation is dominated by the elastic part. In figure 41 (b), the area enclosed by the curve is 

obviously larger than that in figure 41 (a). Larger area means larger plastic deformation and 

also higher values of stresses are needed to produce the desired strain.    
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(g) 

Figure 41. Stress-strain hysteresis loops of reference disc 

With an applied strain of 0.15%, the influence of plastic deformation seems to be clear. This 

indicates by the decreasing in the stress range, which is the difference between the maximum 

and minimum stress in one cycle, and also the slope differences between the cycles, see  

figure 41 (b). This behavior is clearer when the applied strain is 0.20% and the plastic 

deformation is even larger, see figure 41 (c). 

In figure 41 (d) – (g) the area enclosed by the curves becomes larger when the applied strain 

increases. This means that the energy per unit volume degenerated for the period of one cycle 

increases. Thus; higher stress-values are needed to produce the applied strain.  

In figure 41(d) – (g) there is no clear variation between the stress-range of the cycles and the 

slope differences are very small and almost the same while the plastic part of the deformation 

is still increasing.  

An explanation to the description above can be made by using of the Ramberg-Osgood 

relationship which is given in eqn. 10. 
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    and    are the stress- and strain range respectively 

   is the modulus of elasticity  

    is the cyclic strength coefficient 

    is the cyclic strain hardening exponent 

In figure 42, the first cycle of the individual fatigue tests are plotted using their stress and 

strain ranges. Together with these points the tensile test, for the same material type, is 

constructed.  
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For 0.05% applied strain, there is no plastic deformation because fatigue test is within the 

linear part of the curve which means that the elastic deformation dominates. When the applied 

strain is increased to 0.15%, plastic deformation is initiated and the stress-strain curve shows 

a non-linear behavior. The case is the same for 0.20% applied strain where the curve is at a 

region where a sharp change in the slope of the curve occurs.   

 

Figure 42. Graphical representation of the Ramberg-Osgood relation (reference disc) 

When comparing the diagrams from the tensile test to the results from the fatigue tests, it is 

clear that all the maximum stresses from the fatigue tests are less than the ultimate tensile 

stress, which is reasonable. In case of 0.43% applied strain the maximum stress value is very 

close to the ultimate tensile strength, but still under it.  

Results for the reference disc material from all the tests at each of the seven strain ranges are 

indicated in table 8. When the mid-life point of the specimen’s life have been passed, there is 

no clear change in the stress ranges, compare with the results in figure 41, for the same 

applied strain.  

In general, the stress range is rather constant with the number of cycles. On the other hand, 

the mean stress may continue to decrease with increasing number of cycles and the changes 

being larger at the beginning of the test, see figure 43. The control signal, in this case the 

strain signal, was chosen to gradually increase to the desired value as a ―sine-tapered‖ signal, 

see figure 32. Consequently, the start values maximum and minimum stress and also stress 

range and mean stress start at another value than the rest of values. The behavior of mean 

stress and stress range was investigated for the other material types and it was exactly the 

same. 
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     (a) Maximum and minimum stresses               (b) Stress range and mean stress 

Figure 43. Stress values at each cycle of the life length 

In some cases, cracks initiated rather early causing a decrease in the tensile stresses thus also 

affecting the stress range and mean stress values. Depending on the size of the cracks the 

tensile strength reduces to different levels. An example of crack initiating is test one with 

0.20% applied strain. After about 1643 cycles a crack was initiated, at a stress range of about 

103 MPa, and caused a great change in stress range and mean stress values that differs from 

the earlier description, see table 8. 

 Table 8. Results of the reference disc 

 

However, the test with          strain shows an unexpected behavior where the mean 

stress is higher at a cycle close to the last cycle compared to at the mid-life cycle. Though, a 

possible reason may be that fracture was occurred outside the parallel length,   , for the 

related specimen see appendix 1.     

                                                
 The specimen survived the applied load. 
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4.2.1 Effect of Mean Stress 

The stress range that a material can survive a given number of cycles affects by the value of 

mean stress. Therefore, the impact of mean stress had been studied for the reference disc that 

was investigated in this thesis work. The effect was the same independent on the alloying 

elements i.e. the number of cycles to failure was higher with a lower value of mean stress for 

all the material types that were studied in this work. That is clearly shown in figure 44. 

 

        (a) Stress-strain                        (b) Stress-, strain-time 

Figure 44. Different mean stresses 

In figure 45, the extension range is plotted as a function of the number of cycles to failure 

when the R-value was equal to 0 respective -1 and the rest of settings where the same for both 

cases. It is clear that the fatigue test with R-value equal to -1 required more cycles than the 

other test, with R equal to zero, before failure was occurred. 

 

Figure 45. The effect of mean stress 

The conclusion from this part is that a negative (compressive) mean stress is often desirable 

and because of that, the attempts are often intentionally to make such. A positive (tension) 

mean stress is not desirable[  ]. 

S
tr

a
in

 (
m

m
/m

m
) 

  
 S

tr
a

in
 r

a
n
g

e
 (

m
m

/m
m

) 

Strain (mm/mm) 



Page 41 

 

4.3 Low Cycle Fatigue, Disc Material 15 

At least two different tests were done at each strain range and in figure 46 some representative 

stress-strain curves are shown. 

Three cycles at different times of the life for some specimens are presented in figure 46. In 

figure 46 (a) with a 0.15% applied strain, the decreasing in tensile and compressive strength is 

clear between the different cycles. The decrease is more obvious at the last cycles of the life-

span of the specimen. Further, it is seen that the tensile stresses decrease faster than the 

compressive stresses. This means that the crack grows gradually until fracture occurs. The 

case is not the same when talking about figure 46 (c). The stress range is almost constant due 

to the same change in tensile and compressive stress values. On the other hand a small 

reducing in the mean stress is clear when moving from start to the mid life. This behavior 

depends on the high applied load, in this case the strain, compared to the case in figure 46 (a). 

When the crack has been initiated and the size is large enough, the specimen cannot survive 

the applied load anymore and therefore this leads almost directly to fracture.         

 

(a)          (b)  

 

          (c)  

Figure 46. Stress-strain hysteresis loops of disc 15 

The representative results related for disc 15 are tabulated in table 9. The number of cycles to 

failure for the different applied strains is decreasing with increasing of applied load. In some 

of the tests the stress-range, and also the mean-stress, is higher for the last cycles compared to 

Strain (mm/mm) Strain (mm/mm) 

Strain (mm/mm) 
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for example, the first cycle. At the last cycles of the life-span for these specimens, the stress 

magnitudes starts to increase faster in the tensile part than in compression part of the stress 

which means that the mean stress value increases. This behavior is obvious in figure 47. This 

is most likely due to fracture outside the gage length of the extensometer that controls the 

cycling loading. 

The stress range is slightly constant with the number of cycles with the same applied strain 

while the mean stress may continue to decrease with increasing number of cycles and a larger 

change at the beginning of the test is indicated. In some cases, see table 9 at 0.15% and 0.35% 

applied strain; cracks initiated rather early causing a decrease in the tensile stresses 

consequently also affecting the stress range and mean stress values. 

Table 9. Representative results of disc 15 

 

 

Figure 47. Stress-time diagram showing the increasing in stress at the last cycles 

In figure 48 (a) and (b) the performance of stress-strain and stress-time for a specimen from 

material disc 15 is shown. In this case the decreasing in stress values, tensile and 

compression, is almost the same for a period of time, see figure 48 (b), which may depends on 

the microstructure of the gray iron i.e. relatively large pores are perhaps the reason of this 

                                                
The specimen survived the applied load. 
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behavior when the stress-range is constant for a while. After that, the compression side is 

constant while the tensile stresses are decreasing and the X-ray picture indicated in figure 48 

(c) showed it is because of initiating of cracks that result a lower stress values in the tensile 

part while the compressive part is still the same. A crack development means smaller load 

bearing area in the tensile direction while it is the same in compressive direction. 

 

        (a) Stress-strain                        (b) Stress-, strain-time 

 

(c) Crack initiating 

Figure 48. Disc 15 with 0.35% applied strain, test 3 

4.4 Low Cycle Fatigue, Disc Material 16 

The stress-strain hysteresis loops of three different specimens, with three different strain-

loads, are shown in figure 49. The behavior, in figure 49 (a) and (b), is almost the same as for 

corresponding figures for disc 15 and reference disc. In figure 49 (c) a crack initiating at 

approximately the mid life (after 44 cycles) is shown, see table 10 at           Less 

tensile stresses are required to produce the applied strain after initiating of cracks. 

Consequently; the stress values rapidly decreases to a lower level.      
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At the applied strain 0.43% the mean stress value is -19 MPa, see table Disc 16. The 

explanation of the negative value is obvious in figure 49 (c) where the tensile stresses 

decrease drastic because of a big sized crack initiating. This part is described in details later 

on in this chapter and figure 51.  

 

(a)          (b) 

 

(c)  

Figure 49. Stress-strain hysteresis loops of disc 16 

The behavior of the stress range and the mean stress values is almost the same as for the 

reference disc and disc 15 i.e. the stress range is quite constant with the number of cycles and 

the mean stress may continue to decrease with increasing number of cycles with the same 

applied strain. An exception in this case is when a strain of 0.15%, 0.35% and 0.43% was 

applied, see table 10. 

 

Strain (mm/mm) 
Strain (mm/mm) 

Strain (mm/mm) 



Page 45 

 

Table 10. Representative results of disc 16 

 

In some cases the life-span was higher than expected; see for example test 2 with strain range 

0.35% in table 10. From the corresponding stress-strain diagram in figure 50 it is obvious that 

the tensile stresses decreases rapidly after a few cycles, while the compressive stresses remain 

constant. This is due to the development of cracks which thus ―opens‖ easily when subjected 

to tensile stresses and closes when the stress is compressive. The load bearing area in 

compression is constant while the load bearing area in tension decreases. In this case, the 

crack is large enough to embrace the maximum strain range of 0.30% and thus there is no 

tensile stress or driving force for the crack to continue to grow. 

 

          (a) Stress-strain                        (b) Stress-time 

Figure 50. Disc 16 with 0.35% applied strain 

In case of test 2, failure did not occur until the fatigue test was stopped and the specimen was 

demounted since the plots seemed to be unreasonable. Perhaps, because of early initiating of 

cracks (or relatively large pores) the stress values decreased rapidly already after the first 

cycles, see figure 50 (b). The case was almost the same with the specimen in test 1. The 

different may be that cracks were larger in size which caused failure after a lower number of 

cycles. 

                                                
 The specimen survived the applied load. 

10
 The test had been stopped and failure did not occur until the specimen was demounted.   
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The stress-strain curve shown in figure 51 (a) is different from the other curves corresponding 

material disc 16 that are presented in this report. It is a clear larger decreasing in the stress-

values in the tensile part of the curve, i.e. the positive stress values, than the compression 

stresses. This means that the stress range is not constant anymore. The declining in the stress 

range is visibly in the right part of figure 51 (b) where the stress is plotted as a function of the 

running time of the test.  

The decreasing in stress is at its maximum after about 44 cycles when the stress value varies 

from about 100 MPa to an end value of about 30 MPa. An explanation of this behavior is that 

a crack has been initiated after about 44 cycles. Therefore; an X-ray photograph on the 

specimen was important to study in this case.  

The X-ray picture for the sample related to the curves in figure 51 (a) and (b) is shown in 

figure 51 (c). It is clear that a crack was initiated and grown almost over the whole cross 

sectional area of the specimen.    

 

        (a) Stress-strain                        (b) Stress-, strain-time 

 

(c) Crack initiating  

Figure 51. Disc 16 with 0.43% applied strain 
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4.5 Low Cycle Fatigue, Disc Material 17 

Some of the stress-strain hysteresis loops for this material are shown in figure 52. The 

behavior of the hysteresis loops is almost the same as for the corresponding diagrams for disc 

15 and the reference disc.  

 

(a)          (b) 

 

(c)  

Figure 52. Stress-strain hysteresis loops of disc 17 

The behavior of the stress range and the mean stress values for the material of disc 17 is also 

the same as for the rest of material types described above. The stress range is relatively 

constant with the number of cycles and the mean stress may keep on decreasing with 

increasing number of cycles at the same applied strain, see table 11. 
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Table
11

 11. Representative results of disc 17 

 

 

 

 

 

Something in common for all the materials is the great difference in the number of the 

endured cycles at the applied strain 0.20% and 0.25%, see table 8 - 11. The explanation of that 

is the plastic deformation of the specimen becomes much greater when the applied strain is 

0.25% and the change in the non-linearity of the stress-strain curve is greatest when moving 

from 0.20% to 0.25% in strain, see figure 38. 

Some different results to those presented in figure 52 were obtained for material disc 17 and 

such a result is shown in figure 53 (a) and (b) where the decreasing in the tensile side of the 

stress range is obvious after about 1600 seconds, i.e. 320 cycles, from the start point of the 

fatigue test. The related X-ray picture for the used sample in this case is shown in figure 53 

(c) where a crack had been developed and caused a significant decreasing in the tensile stress 

because of smaller load bearing area. 

 

        (a) Stress-strain                        (b) Stress-, strain-time 

 

                                                
11

 No gigantic change in stress range. Therefore, there is no        in this table. 
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[ ] 
   

 [   ] 
(cycle 2) 

      

[   ] 
(cycle 2) 

     ⁄  

[   ] 

         ⁄  

[   ] 

    
 

[   ] 

        
 

[   ] [      ] 

   (T1) 

[      ] 

   (T2) 

0.05 42 20 41 24 41 25 100 000 - 

0.15 143 29 133 27 129 24 19 826 6 906 

0.20 144 35 137 26 135 24 2 712 3 311 

0.25 155 41 145 34 140 25 786 597 

0.30 184 41 183 25 180 28 309 792 

0.35 197 38 195 17 192 17 268 197 

0.43 228 35 230 21 231 18 44 196 

Strain (mm/mm) 

S
tr

a
in

 (
m

m
/m

m
) 



Page 49 

 

 

(c) Crack initiating 

Figure 53. Disc 17 with 0.30% applied strain 

4.6 Life Comparisons 

In this chapter the strain-life diagrams for the material types that are investigated in this work, 

are shown. A comparison between all the materials is indicated. The reference disc is also 

compared to the other materials in separated figures. 

A stress-life, also called Wöhler-curve or S-N curve, comparison between all the materials is 

also indicated in this chapter. That is with the stress-range and the mean stress on y-axis.    

4.6.1 Strain-life Comparisons 

In this work, there is no different between the diagrams shown in figure 54 (a) and (b) (except 

that the mean values are one half of the range values) because the strain based R-value was 

equal to zero. 

  

(a)        (b) 

Figure 54. Strain-life diagram 
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Unexpectedly; material disc 15 which contains 0% molybdenum and niobium shows better 

results than the reference disc which includes 0.32% molybdenum and 0% niobium. However, 

it is known that molybdenum increases high temperature properties and fatigue testing will 

thus most likely give a different result when testing at enhanced temperatures.    

The strain-life diagram for all the tests that were investigated in this thesis work is shown in 

figure 55 and it is clear that the largest distribution in results is given by material disc 15 and 

16 while the distribution is less in case of material disc 17 and the reference disc.   

 

Figure 55. Distribution of results  

The results distribution of material disc 15, 16 and 17 is compared to the reference disc in 

three separated plots which are shown in figure 56 (a) - (c). The three plots indicate that disc 

15, 16 and 17 survived more cycles than the reference disc. However, there is no great 

different between the materials discs 16 and 17 which contains 0.1% and 0.30% Nb 

respectively. This is also shown in appendix 2 where the results from all the tests are 

tabulated.    
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(c) 

Figure 56. Result distribution of disc 15, 16 and 17 compared to the reference disc 

In figure 57, the logarithmic scale of the number of cycles to failure is plotted as a function of 

the different applied strains for all materials. The number of cycles in this figure is the 

average value of all the tests at the same applied strain value. However, some results are not 

included in this diagram, see appendix 2, because the corresponding specimen became a 

survivor or the tensile stress value reached the 5% limitation of the maximum stress-value in 

spite of high applied strain. All materials become ―survivors‖ when the applied strain is 

0.05%. Disc material 16 shows superiority in three of the six left strain-loads, while material 

disc 15 and 17 show superiority at one respective two strain-loads and the number of endured 

cycles of the reference disc is always the lowest among the investigated materials.   

 

Figure 57. Number of cycles to failure at different applied strains for all material types 
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4.6.2 Stress-life Comparisons  

The Wöhler diagram, stress range as a function of number of cycles to failure, for all the 

material types that were studied in this work is shown in figure 58 (a). The mean stress value 

was also plotted and the diagram is shown in figure 58 (b).  

All the material types became survivors when the applied strain was 0.05%, i.e. they endured 

the maximum number of cycles (   ) that was chosen in this work. 

 

(a)        (b) 

Figure 58. Wöhler-diagram 

The mean stress value as a function of number of cycles to failure is shown in figure 58 (b). 

According to this figure, material disc 16 has the lowest mean stress level which is desired in 

the brake discs application because a low mean stress means longer life-span, see 4.2.1. The 

stress range is almost at the same level for all the materials except for disc 17 (with a niobium 

content of 0.30%). These results are therefore equivalent with those shown in figure 38.   

4.7 Microstructure Analysis  

In this work, focus is on the mechanical properties of niobium alloyed grey iron. However, 

some optical microscopy analysis of the samples are done and briefly discussed in figure 59. 

For comparison, an example of the microstructure of the reference disc which contains no 

niobium but 0,32% molybdenum is also shown in figure 59.  
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Figure 59. Microstructure of the investigated materials and material disc 18 

In figure 59 the long elliptical dark parts are graphite particles surrounded by a pearlitic 

matrix. For the disc materials 16 and 17 the small rectangular shaped particles are interpreted 

as niobium carbide. Those are not seen in the disc material 15 with niobium content very 

close to zero. Although, no statistical analysis is done the pictures in figure 59 indicate that 

the number and size of those rectangular particles increases with increasing niobium content.   
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5. Discussion 

From the results presented in chapter 4.6 it is seen that material discs 16 and 17 perform better 

than the reference disc while their life-span barely differs from that for material 15. The 

differences between material 16 and 17 are small, see figure 60. 

 

Figure 60. The life-span comparison between material disc 16 and 17
12

 

On the other hand, it is also found that the reference disc shows the shortest life-span of all 

investigated material types, see figure 57. 

However, it is important to note that the results may be altered if the testing were done using 

force controlled fatigue instead of strain controlled fatigue which is used in this investigation. 

The tensile tests discussed in connection with figure 38 show that the reference disc material 

is stiffer with a steeper stress-strain slope than disc material 15 and 16. That is, a given strain 

gives a higher stress for the reference disc material compared to, for example, disc material 

16. This can also be studied in figure 58 (a) and (b) where the stress range respective stress 

mean is plotted against cycles to failure. In those figures the differences in life-span for a 

given stress is smaller between the alloys.  

For the same stress range value, disc material 17 endures longer life-span than the other 

investigated materials, see figure 58 (a). Since the deformation in brake discs is due to 

generation of higher temperatures than RT, a strain controlled cycling was used in this work. 

It is also important to remember that this investigation is done at RT and both molybdenum 

and niobium are expected to increase the high temperature properties and fatigue testing at 

higher temperatures may change the ranking of the materials.  

The effect of niobium, and also molybdenum, on the tensile strength has been studied as 

shown in figure 39. These results show a correspondence to those presented in [  ] and [  ], 

see figure 15 and 16. Higher niobium content in a gray iron alloy leads to higher stress values 

                                                
12

 Enclosed points indicate that the test was either stopped or fracture occurred when demounting the 

specimen. That is because of rather early initiating of cracks as explained in figure 50 (b). 
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for the same applied strain. It is important to note that the chemistry as well as the geometry 

of the specimen used in this work is not the same as in [  ] and [  ], thus the UTS-values are 

not at the same level. 

The tensile test also show that at a total strain of about 0.1% there is plastic deformation of the 

specimen. Increasing the total strain range at the fatigue testing will rapidly increase the ratio 

of plastic strain to total strain, which also will rapidly decrease the life of the specimens. In 

tables 8-11 it can be seen that if the total strain is mainly in the elastic region the life-span 

increases dramatically. For example, when the applied strain goes from 0.15% to 0.20% the 

life length decreases with many thousand cycles. On the other hand, a continued increase in 

strain from 0.25% to 0.30% gives a much smaller decrease in expected life-span of a couple 

of hundred cycles, see figure 42 and tables 8-11. Therefore, it will be very valuable if the 

brake disc could be designed in such a way that the heat induced strain which can occur is 

mainly in the elastic region. That means the temperature difference in the brake disc will not 

exceed some value according to eqn. 11.  

                    

Where    is the strain,   is the constant of thermal expansion of the material and    is the 

difference in temperature. The stress range values for the different investigated materials and 

applied strain is shown in figure 61 at two different points, (a) at cycle 2 and (b) the mid-life 

cycle, in the life-span of the specimens. The stress range value increases with increasing of 

the applied strain for all the materials. Material from disc 17 shows the highest stress range at 

all the applied strains which are due to the Nb-content, 0.30% Nb, in the gray iron alloy. The 

reference disc, with 0.32% Mo, has the next highest stress ranges, see figure 61 (a). That is 

explained in figure 39 where higher Nb-content, also Mo-content, gives higher E-modulus 

and thus stiffer material which according to eqn. 12 means larger stress ranges.  

                   

(a) at cycle 2       (b) at the mid-life 

Figure 61. Stress range comparison  
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In figure 61 (b), the stress ranges are plotted as a function of the applied strains for the 

materials but at the mid-life cycle. It is seen that the stress range at cycle 2 and at mid-life is 

almost the same for the material, unless cracks has developed which is, for example the case 

for 0.35% applied strain for disc material 15, see also figure 62 and table 9. When a crack 

occurs, the tensile stress will decrease rather rapidly because it is ―easier‖ to cause a strain of 

0.35% which is the applied strain in this case.  

 

Figure 62. Crack initiating of material disc 15 

The extension based R-value was chosen to -1 in some of the experiments and a comparison 

between the reference disc and disc material 16 at R=-1 was done at          . The 

results show that the reference disc has a shorter life length than disc material 16 also with an 

R-value=-1, see table 12.    

Table 12. Life comparison at extension based R-value=-1  

   [ ]  Test Reference Disc Disc Material 16 

-0.15 – 0.15 1 213 600 

-0.15 – 0.15 2 483 17 635 

 

In case of test 2 for disc material 16, the experiment was stopped because a stress value of 5% 

of the maximum stress was obtained without occurring of failure, see appendix 1 and 2. 

6. Conclusions  

According to the results obtained from the strain-controlled experiments of the investigated 

alloys, disc materials 16 and 17 in general showed considerable longer life-span than the other 

investigated materials, while there is no obvious difference between the results from disc 

materials 16 and 17. That is also the case for disc material 15 which showed, on average, a 

life-span that barely differs from disc materials 16 and 17. Consequently, there is no need to 

add more niobium than 0.1% which is enough to cause almost the same life length as with 

0.30% Nb and rather longer life than disc 15. Moreover, additional levels of Nb will be more 

costly while no clear improving of mechanical properties of the gray iron alloy can be 

     Strain (mm/mm) 
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obtained. Furthermore, the cost of niobium is lower than molybdenum [  ] which of course 

also is a desired property. 

According to figure 57, the Reference disc which has a molybdenum content of 0.32% 

endured shorter life length than disc material 15 which contains neither molybdenum nor 

niobium. However, it is known that molybdenum improves high temperature properties and 

strain cycling will thus most likely give a different effect when testing at temperatures higher 

than RT. 

7. Future Work 

The following investigations are suggested as important future work: 

 Investigate the microstructure and fracture surface of the different niobium alloyed 

specimens. 

 Investigate the low cycle fatigue properties of the niobium alloyed gray iron at 

enhanced temperatures. 

 Study the thermo-mechanical fatigue properties of the niobium alloyed gray iron 

samples. 

 Investigate the stress controlled high cycle fatigue properties of the niobium alloyed 

gray iron samples. 

 Investigate if it is possible to design a brake disc and disc-pad system in such a way 

that the heat induced strain in the disc keeps mainly in the elastic region where the 

life-span increases dramatically. 
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9.   Appendix 1: The used specimens 

Reference Disc: 
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Material Disc 15:  
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Material Disc 16:  
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Material Disc 17: 
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10. Appendix 2: The results from all the tests 

The results from all the tests that were done in this work are indicated in this appendix. Data 

from test 1 are representative data and were used in chapter 4. Data inside parenthesis are 

neglected and not plotted in figure 57. 

Type of material Applied  strain  Cycles   to Failure [cycles] Notes 

 [%] Test 1 Test 2 Test 3 GLE

, PLS


 

Reference disc 0 - 0.05 100 000*   No cracks in X-ray photograph 

0% Nb and  0 - 0.15 3 641 (10 000)* 3 132 Test2: No cracks in X-ray photograph 

0.32% Mo 0 - 0.20 1 928 2 100  Test2: Fracture outside the PLS 

 0 - 0.25 222 194   

 0 - 0.30 162 137  Test1: Fracture outside the PLS 

 0 - 0.35 102 97  Test2: Fracture outside the PLS 

 0 - 0.43 16 5   

 - 0.15 - 0.15 213 483  R = -1 

 - 0.1 - 0.1 3 649 20 000  R = -1, Test2: No cracks in X-ray photograph 

Disc 15 0 - 0.05 100 000*   No cracks in X-ray photograph 

0% Nb and 0 - 0.15 3 823 8 598  Test1: Fracture outside the PLS 

0% Mo 0 - 0.20 2 780 (100 000)*  Test2: Fracture occurred inside the GLE when 

demounting of the specimen 

 0 - 0.25 671 (3 150)  Test2: Stopped. Crack initiating in X-ray 

photograph 

 0 - 0.30 624 56   

 0 - 0.35 449 1 117 (3 112) Test3: Stopped. Crack initiating in X-ray 

photograph. Test2: Fracture inside the GLE 

 0 - 0.43 13 123   

      

Disc 16 0 - 0.05 100 000*   No cracks in X-ray photograph 

0.1% Nb and 0 - 0.15 15 238 7 546   

0% Mo 0 - 0.20 3 303 1 263   

 0 - 0.25 1 407 969 (5 685) Test3: Stopped. Crack initiating in X-ray 

photograph 

 0 - 0.30 399 346 (3 542) Test3: Fracture inside the GLE 

 0 - 0.35 231 (32 667) 960 Test2: Fracture occurred when demounting of 

the specimen. Test3: Fracture inside the GLE 

 0 - 0.43 92 1 259  Test1: Stopped. Crack initiating in X-ray 

photograph Test2: Fracture inside the GLE 

 - 0.15 - 0.15 600 17 635  R = -1, Test1: Fracture outside the PLS, 

Test2: Crack initiating in X-ray photograph 

      

Disc 17 0 - 0.05 100 000*   No cracks in X-ray photograph 

0.3% Nb and 0 - 0.15 19 826    

0% Mo 0 - 0.20 2 712 3 311   

 0 - 0.25 786 597   

 0 - 0.30 309 792 (405) Test3: Crack initiating in X-ray photograph 

 0 - 0.35 268 197  Test1: Fracture outside the PLS 

 0 - 0.43 44 196   

 

                                                
 GLE = Length of Measurement of the Extensometer. 

 PLS = Parallel Length of the Specimen. 

* Survivors. 


