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ABSTRACT 
Tool steels are required to show high hardness and fracture toughness, as well as 

good wear resistance. Furthermore, other properties such as chipping and contact 

fatigue resistance are also essential in order to improve the life-time of the tool. The 

goal of this thesis is to analyze the chipping and contact fatigue resistance of several 

steels and try to evaluate the correlation between these two properties. 

On the one hand, the performance of different ausferritic or carbide-free bainitic 

steels as tool steels have been studied, by taking a high-silicon steel and subjecting it 

to two austempering treatments, to evaluate their properties next. On the other hand, 

several quenched & tempered commercial tool steel have been evaluated, produced 

either by conventional metallurgy, powder metallurgy or electro slag remelting. The 

microstructure and microhardness of all the steels have been studied first, and 

standing contact fatigue tests have been performed next. Finally, with the obtained 

results, the relation between the chipping resistance and contact fatigue resistance 

has been evaluated. 

Among the commercial tool steels Calmax, Vanadis 4 Extra and Caldie show much 

better standing contact fatigue resistance than AISI D2. Ausferritic steels have also 

shown good resistance, comparable to the Calmax or, in some cases, even better. 

Regarding the microhardness, ausferritc steels are not as hard as the commercial tool 

steels, but the values are not much lower than Calmax or AISI D2 for example. Finally, 

Caldie, the steel with the highest standing contact fatigue resistance shows, according 

to the provider, the best chipping resistance. 

The presented work has brought some insight to the evaluation of tool steels. 

Standing contact fatigue tests can be used to obtain useful information and the results 

indicate that there might be a relation between the SCF resistance and the chipping-

resistance. Moreover, it has been determined that ausferritic steels show properties 

similar to some commercial tool steels, and therefore, it would be possible to use 

them in some tool applications in the near future. 
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1. INTRODUCTION 
In many industrial applications are surfaces subjected to sliding and rolling contact 

repeatedly, which is the case of gears, bearings, railways and cutting tools, for 

example. One of the most important modes of failure in these applications is the 

surface contact fatigue [1]. 

Normally, the damage that affects the life-time of the part emerges when a surface 

crack grows and creates a crater, denominated as "spalling" [1]. Several parameters 

influence the process of the creation of the spalling, for example: Roughness of the 

surface, residual stresses, applied load, hardness of the surface, relative slip...[1] 

In order to understand better this phenomenon, fatigue, damage mechanism, 

detection methods and other aspects must be explained first. 

1.1. FATIGUE 
Several European investigators observed at the beginning of the 19th century that 

railroad components and bridges started to crack when they were loaded repeatedly, 

and this fact led to the discovery of fatigue[2]. Due to the increase of the number of 

machines the utilization of metals spread out, and even more failures related to 

repeated loading occurred. 

According to the ASTM E 1150 standard, fatigue is: 

"The process of progressive localized permanent structural change occurring in a 

material subjected to conditions that produce fluctuating stresses and strains at 

some point or points and that may culminate in cracks or complete fracture after 

a sufficient number of fluctuations [2]" 

Other previous examples of failure due to repeated loading are clay pipes, concrete 

structures and wood structures. However, since the demand of metallic components 

was increasing in the late 1800s, a development of design procedures was required in 

order to prevent equipments from failing for this reason[2]. 

Although this task has been going on since then and much progress has been made, 

it is far from finished. However, thanks to a better understanding of materials science, 

manufacturing engineering and structural analysis, knowledge about fatigue reached a 

whole new level at the beginning of the 20th century[2]. 

Four are the main procedures that deal with repeated loading[2]: 

 The stress-life approach 

 The strain-life approach 
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 The fatigue-crack propagation approach (part of a larger activity 

denominated as damage-tolerant approach) 

 The component test model approach 

Next, damage mechanism and detection methods will be explained more in detail. 

1.1.1. DAMAGE MECHANISMS 
As it has been mentioned before, fatigue is a process that occurs when a material is 

subjected to cyclic or repeated strains at stress levels in which the highest value is 

lower than the static yield strength of the material. After a large enough amount of 

cycles, it can end up creating cracks, and therefore, causing fracture [3]. 

In order to occur fatigue damage, cyclic stress, tensile stress and plastic strain must 

necessarily act at the same time. It will be impossible for fatigue cracks to initiate and 

suddenly propagate if any of the previously mentioned actions doesn't occur 

simultaneously with the others[3]. The reason why cracks initiate is the plastic strain 

that is caused due the cyclic stresses, and tensile stresses are the reason why these 

cracks propagate. 

If there is not any unusual condition of loading, the initiation of cracks occurs 

around or at singularities that are present either on the surface or just below. Some 

examples of this could be inclusions, pits, scratches, embrittled grain boundaries or 

sharp dimension changes. Occasionally, dislocations can pile up against an inclusion, 

grain boundary or any other type of obstacle, and therefore slip bands, cracked 

particles and matrix/particle or grain boundary-decohesion can occur[3]. 

The size of initial cracks is very small and can't be known exactly, since it's not easy 

to determine when a slip band or any other crack initiation cause stops being so and 

turns into a crack[3]. However, thanks to the technology nowadays, cracks even 

smaller than a micrometer can be observed by using modern tools. Eventually, the 

microcracks grow or connect together until they form a macrocrack, which leads to 

fracture when the fracture toughness is reached. 

Fatigue process is not easy to study. However, different phases of the process have 

been identified, which differ depending on the research. For example, D.W. Hoeppner 

describes 4 phases[2]: 

1. Nucleation 

2. Structurally dependent crack propagation (also known as "short crack" or 

"small crack" phase 

3. Crack propagation. This phase can have different approaches: 

 Linear elastic fracture mechanics 
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 elastic-plastic fracture mechanics 

 fully plastic fracture mechanics 

4. final instability 

While Morris et al. divide the fatigue failure process in 5 different steps[3]: 

1. Cyclic plastic deformation, prior to fatigue crack initiation 

2. Initiation of one or more microcracks 

3. Propagation or coalescence of microcracks to form one or more macrocracks 

4. Propagation of one or more macrocracks 

5. Final failure 

Even if the number and the nature of the stage is different depending on the 

researcher, what is sure is that each one of them is complicated, and several factors 

have an influence on them. 

1.1.2. DETECTION METHODS 
In general, the detection or measurement of fatigue cracks can be divided into two 

main application areas: Laboratory methods on the one hand, and field service 

assessment methods on the other hand[4]. 

The techniques that are used in each of these areas are listed in Table 1. Some of 

these techniques can be used in both areas. 

Table 1: Available fatigue crack detection methods and their applications [4] 

METHOD APPLICATION AREA 

Optical Detecting cracks in the laboratory 

Compliance Detecting cracks in the laboratory 

Electric Potential Detecting cracks in the laboratory and  during service 

GEL Electrode Imaging Detecting cracks in the laboratory 

Liquid Penetrant Inspection of components in the laboratory and during service 

Magnetic Property 
Detecting damage in the laboratory and inspection of components 

during service 

Positron Annihilation Detecting life estimation and fatigue damage in the laboratory 

Acoustic Emission Detecting cracks in laboratory and field tests 

Ultrasounds Detecting cracks in laboratory and field tests 

EDDY Current Detecting cracks in laboratory and field tests 

Infrared Detecting cracks in laboratory and field tests 

Exoelectrons Detecting life estimation in the laboratory 

Gamma Radiography Detecting cracks in laboratory and field tests 

Scanning Electron Microscope Understanding of the initiation and growth of cracks 
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Transmission Electron 

Microscope 
Understanding of the initiation and growth of cracks 

Scanning Tunneling 

Microscope 
Understanding of the nucleation of cracks 

Atomic Force Microscope Detecting initiation of fatigue cracks 

Scanning Acoustic Microscope Detecting initiation of fatigue cracks 

X-Ray Diffraction Detecting damage and residual stresses in the laboratory 

 

As it can be seen in Table 1, the methods that are mentioned in it provide 

information about the different stages of the fatigue damage. All these stages are 

important in order to determine the fatigue life of the components, although initiation 

of cracks can be the dominant factor often. If the initiation can be detected and better 

understood, it might be possible to prevent the failure because of the fatigue[4]. 

The listed techniques can be used either in the laboratory or field tests, and in some 

cases, in both cases. Usually, more than one techniques are combined because only 

one is not enough[4]. 

The optical method, scanning electron microscopy and X-ray diffraction will be the 

only techniques described with more detail in this chapter, since these are the only 

ones used during this thesis. Other techniques such as acoustic emissions or 

ultrasounds were taken into account, but due to the high frequency used during the 

tests resulted impossible to use them. 

OPTICAL METHODS 

This technique, which usually uses a travelling microscope, have been used by 

numerous researchers to characterize the growth of fatigue cracks. It is easy to 

observe a crack on the surface of the specimen at a magnification of 20 or 50x, and 

therefore, to measure the length of the crack. Besides, if the crack length is measured 

as a function of the cycles, the speed at which the cracks grow can be determined, 

da/dN [4]. 

This technique is not complicated neither expensive, and there is no need for 

calibration. However, as any other technique, it shows some disadvantages[4]. 

 Time consuming 

 Automation of microscopes is expensive 

 Specimens need to be accessible during testing 
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MICROSCOPY METHODS 

In order to understand the mechanisms that cause the initiation and propagation of 

fatigue cracks, and besides, to characterize fatigue damage, other techniques apart 

from Optical Method are needed. High sensitivity is reached when detecting cracks, 

but are also useful to follow the propagation of cracks. The resolution of the Scanning 

Electron Microscopy (SEM) is better than 1nm, while that of the Transmission Electron 

Microscopy (TEM) is better than 0.1nm. Although SEM offers lower sensitivity than 

TEM, it is still better than optical methods, which have the same purpose[4]. 

Scanning Electron Microscope (SEM) 

Electronic microscopes are often used to study the initiation of fatigue cracks as 

well as their growth behaviour, in order to determine the involved mechanisms. Fine 

and Chung divided the fatigue process into four stages, taking into account the 

structural changes caused by cyclic stress in metals[3]: 

1. Crack initiation: Initial evolution caused by fatigue damage 

2. Slip-band crack growth: Initial cracks deepen on planes that are subjected to 

high shear stress. This stage is also known as STAGE I CRACK GROWTH 

3. Crack growth on planes of high tensile stress: In this stage, known as STAGE 

II CRACK GROWTH, cracks grow perpendicular to the maximum tensile stress 

4. Final ductile fracture: If a crack continues growing, at some point it will reach 

a length where the resulting cross section will not be able to support the 

applied load 

In the case of steel alloys subjected to fatigue testing in non-corrosive 

environments, crack initiation can occur due to slip bands, extrusions/intrusions, grain 

boundaries, inclusions or porosity[4].  

In Figure 1, 2 and 3, some micrographs obtained by SEM show the nucleation, 

initiation and propagation of a crack. 
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Figure 1. Crack nucleation near an imperfection[5] 

 

Figure 2. Micro crack initiation along slip lines[5] 

 

Figure 3. Micro crack propagation along slip lines[5] 
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Three are three approaches used to follow the fatigue damage in SEM: Replica 

method, direct method and in-situ method respectively[4]. 

First of all, in the case of replication method, the surface of the specimen is 

replicated by using cellulose acetate films softened with acetone, to detect the 

initiation of cracks. Specimens are subjected to tensile stresses, and the replicas are 

placed or rolled onto them. These replicas represent the negative images of the 

specimen surface. Therefore, microcracks present in the surface will be shown as 

protrusions in the replica method[4]. 

Secondly, in the direct method, the specimens used to run the fatigue tests are 

removed periodically to check and evaluate the initiation of cracks by SEM. In some 

cases, several specimens are used to study the initiation of cracks, running each 

specimen for a certain number of cycles. This method, however, is more expensive and 

time consuming than the replication technique[4]. 

Finally, in the case of the in-situ technique, the tests are performed inside the SEM, 

as well as the inspection of the damage. For that, the fatigue machine needs to be 

installed in the SEM. This method is effective as well as convenient to investigate the 

initiation of fatigue cracks[4, 5]. 

X-RAR DIFFRACTION METHOD 

During the fatigue process, changes in composition and strain, as well as residual 

stresses can be evaluated by using X-Ray diffraction (XRD), which may lead to a better 

understanding of the process. The XRD method offers both, qualitative and 

quantitative analysis of samples: Lattice constants, size of crystallites and lattice strains 

can be determined, among other properties. Besides, stress distributions, preferred 

orientation, texture and other characteristics can be investigated[4]. 

To create the XRD phenomenon, x-rays must be scattered by some electrons of 

atoms with no wavelength change. Copper, cobalt, iron, chromium or similar metallic 

elements are often used to obtain monochromatic x-rays. Certain geometrical 

conditions, which are determined by Bragg's law or Laue's equations, must be fulfilled 

to produce a diffracted beam. As a result, a diffraction pattern will be created, where 

the position and the intensity of the present peaks give information about physical 

properties of the material[4]. 
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1.2. CONTACT FATIGUE 
Contact fatigue failure, which is found often in either roller or ball bearings, is a 

surface-pitting type failure[6]. Furthermore, it is also present in gears and gear 

couplings, cams, valves or rails[6, 7]. Ferrous and nonferrous metal alloys, as well as 

ceramics and cermets, have shown contact fatigue damage[6]. 

Contact fatigue is a result of a contact or a Hertzian stress state. Therefore, it is 

different from a classic bending or torsional structural fatigue[6]. When the contact of 

curved surfaces under a normal load takes place, this localized stress state is created. 

An alternating subsurface shear stress is produced due to the geometry and relative 

motion of the elements, and the resulting plastic strain grows with the number of 

cycles until a crack is created. Next, the crack starts to propagate until a pit is 

generated. And finally, if the process continues, failure of the element occurs[6]. 

 

Figure 4. Illustration of stress distributions at a contact subsurface[6] 

In Figure 4, an illustration of stress distributions at a contact subsurface is shown. In 

it, it can be seen how the maximum shear stress does not take place at the surface, but 

at a certain depth. The depth at which the maximum shear stress is a function of the 

applied load, and it will increase with increasing load[8]. 

  



INTRODUCTION 

9 
 

1.2.1. STANDING CONTACT FATIGUE 
Spalling is an important life-limiting mode of failure in fatigue. In this process, the 

cracks near the surface grow until they create spalls, and after some time a piece of 

material chips off[9]. 

Several experimental tests have been used by researchers to determine the 

durability of contact machine elements. The single-ball fatigue test, the four-ball test, 

the five-ball test, the flat washer test, the ball-rod test and the ring-to-ring rolling 

contact fatigue test are some examples of such tests[9]. 

Although all these tests allow to simulate real conditions, they are not very helpful 

in terms of understanding the contact fatigue mechanism. Therefore, a new testing 

method have been introduced, called "Standing Contact Fatigue (SCF)". The objective 

of the SCF test to characterize the material and identify the damage mechanisms, 

without the influence of the temperature, surface roughness, residual stresses, 

lubricant or other "environmental" parameters[9]. 

A schematic representation of the SCF test rig is shown in Figure 5: 

 

Figure 5. Schematic representation of a SCF test[9] 

Basically, it consists in pressing a sphere against a plane specimen repeatedly. The 

pulsating load varies between almost zero and a maximum value P. By not allowing the 

compressive load reach zero, loss of contact is avoided[9]. 

Due to the load applied to the spherical indenter a circular contact region will be 

created. If the applied load is large enough the specimen will suffer plastic 

deformation, which will commence under the surface. Once the initial phase is over, a 

steady-state is reached, which in case of reasonable loads is nearly elastic. The contact 
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radius at the steady-state will depend on both, the load and the residual surface 

profile resulting from the initial plasticity[9]. 

The stress at this point will be the responsible for the cracking of the material in the 

SCF test. The position of the crack will be close to the contact rim, surrounding this 

area. The initial growth of the crack will be perpendicular to the area, and it will start 

deflecting as the growth continues, describing a conical shape (see Figure 5). For this 

reason, this type of crack is called ring/cone crack[9]. 

Equation 1 shows the relation between the load P and the steady-state cyclic 

contact radius acycl [9]. This equation assumes that the before mentioned residual 

surface profile can be outlined as a single radius of curvature, B (see Figure 5). 

        
        

  
 

 

       
   

   

 

In Figure 6 it can be clearly seen that it is necessary to measure B in order to get 

results that are similar to the directly measure acycl: 

 

Figure 6. The steady-state cyclic radius acycl as a function of the contact load P[9] 

As it can be seen in Figure 6, the contact radius calculated by Eq. (1) using a 

measured B agrees well with the directly measured values of acycl. However, if a flat 

specimen is used (B → ∞), the resulting error increases with increasing load[9]. 
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CRACK INITIATION 

The samples in SCF tests are subjected to cyclic load during a predetermined 

number of cycles, and after the test is finished, their surface is analyzed with an optical 

microscope to check if any cracks are present. Ring/cone cracks are initiated first, in 

several points around the contact rim (Figure 7). After one test is finished, there are 

two possibilities: Initiation or no initiation of cracks[9]. 

 

Figure 7. Example of a ring/cone crack [1, 9] 

If after one test no crack is initiated, the next test is performed with a higher 

number of cycles and same load. If a crack is created, instead, the number of cycles is 

reduced[9]. This is the followed methodology to determine the number of cycles 

necessary to create a crack as accurate as possible. 

CRACK TYPES 

After performing several SCF tests, Alfredsson and Olsson found three other types 

of cracks apart from the ring/cone cracks: Lateral, radial and median cracks (Figure 8). 

Besides, they noted that the direction of cracks is normal to the principal stresses, 

which at some point during the cycle are tensile[1]. 
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Figure 8. Possible different crack types; (a) cut side view and (b) enlarged top view [1] 

The SCF tests showed that the order in which the different types of crack appear is 

the next: Ring/cone cracks first, lateral cracks second, radial cracks next and median 

cracks last. Besides, no median crack can exist if a previous lateral crack has not been 

created[1]. However, depending on the parameters in which a SCF test has been 

performed, it is possible that not all the types of cracks are present after the test. 

Experimental results of the mentioned cracks are shown in Figures 9 - 12: 

 

Figure 9 shows a clear example of a ring/cone crack. In the top view it can be seen 

how the crack is located just outside the contact area. The cut view, on the other hand, 

shows how the crack grows perpendicular to the surface at the beginning, and starts 

deflecting as the growth continues[1]. 

Figure 9. Experimental result o a ring/cone crack. Left, a partial top view; right, detailed cut 
view [1] 
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Figure 10. Experimental result of a lateral crack; cut view[1] 

As it is shown in Figure 10, lateral cracks present a shallow U-shape. Besides, it is 

possible that some of them have deflected part at the outer rim. When the sphere is 

unloaded, these cracks tend to open due to the residual stresses[1]. 

 

 

Figure 11. Experimental result of a radial crack; partial top view[1] 

A radial crack is shown in Figure 11. A smaller sphere, and therefore a higher 

pressure, was needed to create this type of crack[1]. 
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Figure 12. Experimental result of median cracks; cut view[1] 

Figure 12 shows a clear example of a median crack. According to Alfredsson and 

Olsson, high loads are necessary to create this type of crack. They are located over the 

lateral crack, and they extend from the crack towards the material surface. No median 

cracks has been identified without the previous corresponding lateral crack[1]. 

 

As mentioned before, the ring/cone cracks are the first type of cracks created 

during a SCF test. This can be represented in a P-N type curve (Figure 13). 

 

Figure 13. P-N curve showing initiation laws and endurance limits of ring/cone and 
lateral cracks based on the earliest initiation cycle number at each load level[1] 
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After running several SCF tests, the P-N curve is plotted (Figure 13). In this curve it 

can be seen that both crack types show endurance limits and at the same load level. 

Over this load level, however, ring/cone cracks are created before lateral cracks for the 

same load[1]. 

The number of cycles necessary to create cracks is not determined in the same way 

in the case of ring/cone or lateral cracks. As mentioned before, the search for 

ring/cone cracks is made by a microscope after each SCF test. In the case of lateral 

cracks, however, it is made by the P-ε curves (Figure 14) [1]: 

 

Figure 14. Experimental measurements for radial cracks; (a) P-ε curve; (b) 
corresponding history plot[1] 

 

As it can be seen in Figure 14 (a), the parallel shift of curve towards a higher strain 

level is an example of the influence of a lateral crack in the P-ε curve. If no lateral crack 

is present, the curve is a theoretical straight line. The history plot in Figure 14 (b) 

shows, on the other hand, how the strain range suddenly increases when the initiation 

of a lateral crack occurs[1]. 

SCF RESULTS 

SCF tests provide a big variety of information. Depending on the objective, instead, 

it is important to choose which information to analyse. In the case of this project, the 

interest of running SCF tests is to characterize different materials by determining the 

endurance limit load and the endurance limit life. 

For this purpose, the minimum number of loads in which fatigue cracks appear is 

determined for different loads, and the result is the P-N curve (Figure 15)[9]: 
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Figure 15. P-N curves for different materials[9] 

Figure 15 shows the resulting P-N curve for different materials. To plot each curve 

several SCF tests must be run, to determine the number of cycles when the initiation 

of cracks occur, at different loads[9]. 

As it can be seen in the figure, some materials can have a higher endurance limit 

load and endurance limit life, even if they present cracks at lower number of cycles for 

higher load levels[9].  

 

ALTERNATIVE SCF TESTS 

In order study some parameters that would be impossible in the case of normal SCF 

tests, some variations of the test can be applied: 

 

 Inclined SCF tests 

It gives the opportunity to evaluate the influence of the tangential load on the 

endurance limit load, minimum number of cycles at which cracks are present, 

appearance of the contact mark and the behaviour of the cracks in the surface or 

subsurface[10]. 
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Figure 16. Inclined SCF test set-up, including crack paths; (a) side view; (b) top view 
[10] 

 

Figure 17. Overview of inclined SCF contact marks and corresponding surface 
cracks[10] 

Figure 17 shows that although the inclined set-up (Figure 16) doesn't change the 

shape the shape of the contact area, it does have an influence in the surface oxides 

and cracks[10]. 
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 SCF with a cylindrical indenter 

In this case, using a cylindrical indenter gives the opportunity to evaluate the 

influence of a two-dimensional load[11]. 

 

Figure 18. Schematic representation and experimental rig of a SCF test with a 
cylindrical indenter[11] 

 

Figure 19. Typical cracks present in cylindrical SCF tests; L-lateral, M-median, C-contact 
end and E-edge[11] 

Figure 19 shows that the use of a cylindrical indenter (Figure 18) causes crack 

patterns that are different from the ones created when a spherical indenter is used. 
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1.3. CHIPPING RESISTANCE 
Tool steels used nowadays in industrial applications must be hard and sharp, and 

have a good chipping resistance[12-15]. Besides, they need to be easy to sharpen, 

corrosion resistant, and have good finish. Therefore, this means that the raw material 

needs to be hard and have good hardenability[12]. 

Good toughness, corrosion resistance, grindability, mirror polishability and absence 

of large carbide inclusions are other important properties of tool steels, but it is 

complicated to produce materials that fulfil all of these requirements[12]. 

Besides the before mentioned spalling, chipping and catastrophic breakage are 

often the principal modes of failure, and hence, the factor that limits the service life of 

the tool[16]: 

 

Figure 20. Typical failure modes of tool steels[16] 

Examples of the three failure modes mentioned above are shown in Figure 20. 

In the same way that different experimental tests exist to analyze the contact 

fatigue resistance of the materials, there is a testing method intended to evaluate the 

chipping resistance of the materials, which is called "punch-test". 

 

1.3.1. PUNCH-TEST 
Due to the unclear initiation susceptibility of the CBB and U-bend tests (the most 

popular tests for initiation) on cold-work effects, it has been necessary to evaluate the 

data using new techniques. During the last two decades, the small-punch test has been 

used to evaluate the mechanical properties of materials[17, 18]. 

Some of the applications of this type of test are the evaluation of the ductile-to-

brittle transition temperature (DBTT), yield strength, fracture toughness and creep 

properties, among others[17, 18]. 
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In brief, the small-punch test uses a ball in order to deform a sample placed on a 

supporting hole and clamped between two dies, an upper and a lower (Figure 21) 

[17,18]. The dimensions of the sample, hole of the holder and ball, as well as the 

environmental and experimental conditions can vary in order to evaluate the influence 

of each of these parameters. 

 

Figure 21. Schematic representation of the small-punch test jig [17, 18] 

Moreover, Figure 22 shows an example of the results that can be obtained with this 

kind of test. On the one hand, the general view with the areas with different levels of 

deformation, and on the other hand, several points of microcrack initiation are shown. 
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Figure 22. SEM observations of an annealed sample after testing: (a) General top view 
of the deformed area and (b) Top view of the center with the initiation of the 

microcracks[17] 

 

Another example of the results is shown in Figure 23: 

 

Figure 23. SEM observations of a cold worked sample after test; (a) General top view 
and (b) Side view of the fractured sample[17] 

In this case, it can be clearly seen that due to the effect of the cold-work the crack 

initiates and develops until the complete failure of the material[17]. 

However, the small-punch test is only one variant of this type of tests. The punch 

tests also offer the possibility to evaluate the material of the punch [19, 20]. Besides, 

other parameters such as the coating, the shape of the punch or the radius of the edge 

can be investigated, in order to determine the optimum parameters and therefore 

improve the fatigue resistance of the punches or tools[19, 20]. 
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Figure 24 shows an example of how the edges of the tools are rounded with the 

objective of avoiding the galling that occurs in the initial cycles[19]: 

 

Figure 24. Edge preparation of the tools in order to avoid the initial galling[19] 

By varying the coating, the radius of the round edge in the punches and the number 

of cycles of the test, different damage mechanisms can appear, as it can be seen in 

Figures 25 - 29[20]. 

 

 

Figure 25. Punches with small round edges of different radius: (a) R=0mm, (b) 
R=0.13mm and (c) R=0.33mm[20] 

 

Figure 25 shows the different small round edges of the punches used by Mori et al. 

to investigate their influence on the different damage mechanisms[20]: 
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Figure 26. Surface of a punch after a test showing galling; R=0.13mm and no 
coating[20] 

 

Figure 27. Surface of a punch after a test showing pick-up; R=0.13mm and TiN 
coating[20] 

 

Figure 28. Surface of a punch after a test showing no visible damage; R=0.13mm and 
TiAlN coating[20] 
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Figure 29. Surface of a punch after a test showing chipping; R=0mm and TiAlN 
coating[20] 

 

Figures 26 - 29 show the different damage mechanism that can affect to a punch 

subjected to several cycles, depending on the applied coating and the edge of the used 

punches.  

As it can be seen in Figure 29, some of the tools used in punch-testing show 

chipping after the test. Therefore, this method seems suitable to test the chipping-

resistance of different materials, and the influence that different parameters have on 

it. 
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2. OBJECTIVES 
This thesis is a continuation of another project carried out at the LTU in which a 

materials selection process was performed, in order to select the best material to 

replace a steel used in a company to produce one of their cutting tools. Among other 

types of tests, Standing Contact Fatigue tests were performed during that project, with 

the objective of comparing different tool steels. However, some uncertainties came up 

when trying to relate SCF resistance with other important properties for tool steels, 

such as chipping resistance. Therefore, taking advantage of the already performed 

work, the idea of evaluating the relation between SCF and chipping resistance came 

up. 

 

Figure 30. Relative comparison of the resistance to different types of tool damage for 
different tool steels[21] 

Furthermore, since ausferritic or carbide-free bainitic steels have shown excellent 

wear properties, a decision was made to characterize this material and compare it to 

other commercial quenched and tempered tool steels, with the aim of evaluating if it is 

suitable for tool applications. 

Taking into account the two aspects mentioned above, the main objectives of this 

thesis are the next: 

I. To create the typical ausferritic or carbide free bainitic structure, using high 

silicon steels by austempering process at different austempering 

temperatures 

II. To characterize the contact fatigue resistance of ausferritic and commercial 

quenched & tempered tool steels by SCF tests 

III. To evaluate the SCF resistance and the chipping resistance of the 

different materials and the relation between these two properties  
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3. EXPERIMENTAL APPROACHES 

3.1. EXPERIMENTAL MATERIAL 
As mentioned in the Objectives chapter, the material that has been used in this 

thesis was selected after a materials selection process performed in a previous project. 

The considered materials are: The commercial Q&T steel currently used by the 

company (Sverker 21), the high silicon steel (06CV), and two other commercial Q&T 

tool steels, produced either by conventional metallurgy (Calmax) or powder-

metallurgy (Vanadis 4 Extra). In addition to these materials, another commercial steel 

called Caldie, which is produced by electro slag remelting and shows a good chipping 

resistance, has been tested. The composition of each steel is shown in Table 2: 

Table 2: Composition of the different steels 

COMPOSITION (%) C Si Mn Cr Mo V 

AISI D2 - SVERKER 21 1,55 0,3 0,4 11,3 0,8 0,8 

06CV 0,6 1,6 1,25 1,75 0,15 0,12 

VANADIS 4 EXTRA 1,4 0,4 0,4 4,7 3,5 3,7 

CALMAX 0,6 0,35 0,8 4,5 0,5 0,2 

CALDIE 0,7 0,2 0,5 5,0 2,3 0,5 

 

The heat treatments applied to each steel are listed in Table 3: 

Table 3: Heat treatments applied to the different steels 

HEAT TREATMENT Austenitizing Austempering Quenching Tempering 

AISI D2 - SVERKER 21 1020°C, 30 min - Vacuum 2 x 500°C, 2h 

06CV 890°C, 60 min 220°C, 22h / 250°C, 12h - - 

VANADIS 4 EXTRA 1050°C, 30 min - Vacuum 3 x 560°C, 1h 

CALMAX 960°C, 30 min - Vacuum 2 x 180°C, 2h 

CALDIE 1030°C, 30 min - Vacuum 2 x 540°C, 2h 

 

As it can be seen in Table 3, the heat treatment applied to three commercial steels 

is an austenitizing followed by a quenching and two or three temperings. Each 

tempering lasts 1 or 2 hours at similar temperatures, but in the case of the Calmax the 

temperature changes. On the other hand, in the case of the 06CV, i. e. high silicon 

steel, the heat treatment is different. It also starts with an austenitizing, but instead of 

continuing with quenching and tempering, it continues with an austempering. The 

austempering heat treatment consists in taking the austenitized material and putting it 

into a salt bath which is at a certain temperature and holding it for a determined time. 

The austempering temperature is above the Ms temperature, which is usually 

calculated with Equation 2[22-25]: 
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(2) 
                                                            

                                                   

In this case, however, the austempering temperatures and times have been 

determined according to another European project that worked with the 06CV 

material[26]. 

3.2. EXPERIMENTAL EQUIPMENT 
The equipment used to run the tests, as well as the one used to characterize the 

material and analyze the results will be presented in this part. 

3.2.1. OPTICAL MICROSCOPY 
Two different optical microscopes have been used during this thesis, with different 

objectives. On the one hand, a NIKON ECLIPSE MA200, to study the microstructure of 

the different materials. And on the other hand, a OLYMPUS Vanox-T, to analyze the 

samples after each SCF test. Both microscopes are shown in Figure 31: 

 

Figure 31. Optical microscopes used during this thesis; NIKON ECLIPSE MA 200 (left) 
and OLYMPUS Vanox-T (right) 

The resolution of the NIKON is better, but the OLYMPUS is easier to handle and it's 

resolution is good enough to check if any crack is present. Therefore, the NIKON has 

been used to study the microstructure, and the OLYMPUS to analyze the samples after 

SCF tests. 
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3.2.2. MICROHARDNESS 
The machine used to measure the microhardness of 

the different materials is a MATSUSAWA MXT-α 

microhardness tester, as it can be seen in Figure 32: 

According to the standard, the indentation in the 

material must be at least 20-25μm long to get a reliable 

microhardness measurement. In the case of the 

materials used in this thesis, a load of 300g has been 

enough to get an appropriate indentation. 

 

 

 

3.2.3. SCANNING ELECTRON MICROSCOPY 
The Scanning Electron Microscope (SEM) used in this thesis is a JEOL JSM-6460LV, as 

shown in Figure 33: 

 

Figure 33. The JEOL JSM-6460LV used in this thesis 

Although it is not visible in Figure 33, this SEM is equipped with an EDX 

spectrometer. 

 

 

Figure 32. MATSUSAWA MXT-
α microhardness tester 
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3.2.4. X-RAY DIFFRACTOMETER 
Figure 34 shows the PANalytical EMPYREAN X-Ray Diffractometer used in this 

thesis. 

 

Figure 34: The PANalytical EMPYREAN X-Ray Diffractometer used in this thesis 

The sample holder of this diffractometer allows to analyze several samples in a row 

without stopping the machine, which shortens the time needed to complete the 

analysis. 

 

3.2.5 STANDING CONTACT FATIGUE 
The SCF tests were performed using an 

INSTROM 1272 hydraulic press, as it can be seen 

in Figure 35: 

The capacity of this press varies between 0 and 

21kN. A cyclic load has been applied to the 

samples to perform the SCF tests, varying the 

maximum load but keeping 0,5kN as minimum 

load always, to ensure contact between the 

spherical indenter and the sample. The frequency 

used in all the tests has been 45Hz. 

 

 

Figure 35. The INSTROM 1272 hydraulic 
press used in this thesis 



EXPERIMENTAL APPROACHES 

30 
 

 

The different holders used for the hardened steel balls and the samples during all 

the SCF tests are shown in Figure 36: 

 

 

Figure 36. The holder for hardened steel balls (left) and the sample holder (right) 

The holder for the hardened steel balls had been used in earlier projects at the LTU. 

The sample holder, instead, had to be machined in the workshop in order to have a 

holder suitable to the shape and dimensions of the samples. 
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3.3. SAMPLE PREPARATION 
First of all, the samples that were too big were cut to the dimensions of the sample 

holder (Figure 36) using the STRUERS DISCOTOM-100 manual saw, which is shown in 

Figure 37. This saw is very versatile, since it allows to cut materials with different shape 

and hardness very easily. 

 

Figure 37. The STRUERS DISCOTOM-100 manual saw used in this thesis 

Once the samples had the right dimensions, the next step was to grind and polish 

them. 

Firstly, the grinding was carried out using abrasive papers with different meshes 

made of silicon carbide. The first paper was the 120 mesh, followed by 240 and 600, 

and the last one was the 1200 mesh, always helped by some water. After each step, 

the grinded surfaces were cleaned with water and soap first, and methanol after. 

Secondly, clothes with diamond pastes of different sizes were used for the 

polishing, starting with the 6μm, followed by the 1μm and finishing with the 0.25μm 

diamond paste. After each step the polished surfaces were cleaned in the same way as 

in the case of the grinding. 

The final step of the polishing is done using a colloidal silica suspension, in which 

the size of the particles is around 0.05μm. After this step, the samples are ready to 

perform the SCF tests, or to be etched if their microstructure is going to be analyzed in 

the microscope. 
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3.4. TEST PROCEDURE 
The procedure followed to perform the Standing Contact Fatigue tests is the same 

procedure followed by Alfredsson, Olsson and Dahlberg [1, 9-11] during their research 

and by Linz, Ranga and Ikoubel [27-30] during their projects carried out at the LTU. 

It consists in determining the number of cycles needed for the initiation of cracks at 

different loads. For that, a load is fixed and the number of cycles is the varying 

parameter. After each test, the surface of the sample is analyzed with an optical 

microscope, where the possible cases are only two: Either there are no cracks present, 

or there are some cracks present (Figure 38). 

 

Figure 38. Example of the surface of one sample after the SCF test, where a ring-cone 
crack is present 

After analyzing the surface of the sample, another test is performed with a higher 

number of cycles in case of no cracks present, or lower number of cycles in case of 

cracks present. This procedure continues until the initiation of cracks is determined 

with a relative accuracy for a fixed load. In these tests, the tolerance for the number of 

cycles has been determined at 10.000 cycles in the cases where the initiation of cracks 

took place before 100.000 cycles, and 50.000 cycles in the cases where it took place 

after 100.000 cycles. Moreover, in order to save time, all the tests have been 

performed at a frequency of 45Hz. 

Finally, after determining the initiation of cracks for several loads, these points  are 

plotted to compare the standing contact fatigue resistance of different materials. 
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4. RESULTS AND DISCUSSION 

4.1. MICROSTRUCTURE 
The first task of the characterization in this thesis has been to analyze the 

microstructure of all the tested steels. They are shown in Figure 39 and 40: 

 

 

Figure 39. Microstructure of the 06CV steel obtained by OM; (a) austempered at 220C 
during 22 h, and (b) austempered at 250C during 12h 

(a) 

(b) 
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(a) 

(b) 
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Figure 40. Microstructure of the four quenched & tempered steels obtained by OM; 
(a) CALMAX, (b) VANADIS 4 EXTRA, (c) CALDIE and (d) AISI D2 - SVERKER 21 

(c) 

(d) 
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The microstructure of the ausferritic 06CV steel is shown in Figure 39 and that of 

the four different quenched & tempered tool steels in Figure 40: 

In these figures can clearly be seen the difference in the microstructure of both 

types of steels. On the one hand, the microstructure of ausferritic steels consists of 

ferritic needles (dark) and austenitic regions (white). On the other hand, the 

microstructure of quenched & tempered steels consists of carbides in a tempered 

martensitic matrix. 

Regarding to the ausferritic steels, there is not much difference in the 

microstructure between the two heat treatments applied to the same material. The 

length and width of the ferritic needles is similar in both cases and the size of the 

austenitic regions does not differ either. This means that the difference of temperature 

in the two austempering treatments is not high enough to produce visible changes in 

the microstructure. 

On the other hand, all four quenched & tempered steels show the same type of 

microstructure even though they have been produced using different methods. Taking 

into account the heat treatments applied to the steels and the images shown in Figure 

40, it can be assumed that the microstructure of these four steels consists of carbides 

surrounded by a tempered martensitic matrix. However, as it can be seen in the 

images, the size of the carbides obviously changes from one steel to another. While 

the Calmax, Vanadis 4 Extra and Caldie show finely distributed small carbides the AISI 

D2 shows much bigger carbides. Since it is known that carbides are very hard but at 

the same time very fragile phases crack are often initiated around them. Therefore, it 

is expected that the Standing Contact Fatigue resistance will be lower than the other 

three quenched & tempered steels. 
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4.2. MICROHARDNESS 
High hardness is a condition that all tool steels must fulfil, and since in this thesis 

different tool steels are being compared, measuring their microhardness is a good way 

to have a general idea. The values of all the tested steels are compared in Figure 41: 

 

Figure 41. Comparison of the microhardness values between the tested steels 

As it can be seen in Figure 41, the microhardness of all 4 commercial tool steels is 

higher than the one of the two tested ausferritic steels. VANADIS 4 EXTRA, the tool 

steel produced by powder metallurgy, shows the highest hardness values, 832 HV0.3. 

The other three commercial tool steels, produced by electro slag remelting (CALDIE) or 

conventional metallurgy (AISI D2 and CALMAX), show similar microhardness, 756, 712 

and 702 HV0.3. Finally, both ausferritic steels show lower microhardness values, 671 

and 621 HV0.3. As it was expected, the steel subjected to the lower austempering 

temperature, 220°C, shows higher microhardness values. 

Moreover, four tool parts were machined using the four materials that were 

suggested in the previous project mentioned before, with the objective of performing 

some field tests in real conditions in the future. 

In order to validate that the heat treatments applied to the tested samples and the 

machined tool parts are the same, and therefore, the results of the SCF tests are 

reliable, the microhardness of the tool parts was analyzed and compared to that of the 

tested samples. The comparison of the results is shown in Figure 42: 
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Figure 42. Comparison of the microhardness values between the tested samples and 
the machined parts of the same material 

As it can be seen in Figure 42, in the case of all the steels but the Calmax, the 

machined parts show slightly higher microhardness values. This small change can be 

due to the difference on the size of the tested samples, which are smaller than the 

machined parts. Otherwise, the reason of this can be just a result of the accuracy of 

the measurements. Anyway, the difference in the values is not high enough to cause 

any important effect. In the case of Calmax, however, the difference is bigger, around 

50 HV0.3, which means that there is a possibility that the sample and the machined part 

have been subjected to different heat treatments. 

 

4.3. X-RAY DIFFRACTOMETRY 
In order to analyze the influence of the austempering temperature on the amount 

of retained austenite, two ausferritic samples austempered at different temperatures 

were analyzed by X-Ray diffractometry. 

The characterization was performed using monochromatic Cu Kα radiation, with a 

wavelength of 40kV and 45mA. The scanned angular 2θ range was 0-90°. The XRD 

spectras of both samples are shown in Figure 43 and 44: 
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Figure 43. XRD spectra of the 06CV austempered at 220°C during 22 hours 

 

 

Figure 44. XRD spectra of the 06CV austempered at 250°C during 12 hours 

 

As it can be seen in Figure 43 and 44, both samples show similar spectras. The 

intensity and position of the peaks for both, ferrite (α) and austenite (γ), match very 

well. With the help of a program, the areas of the different peaks were calculated and 

compared, to be able to calculate the amount of retained austenite. According to the 

calculations, the amount of retained austenite was 24,3% in the case of the 06CV 

austempered at 220°C during 22 hours, and 24,4% in the case of the 06CV 

austempered at 220°C during 22 hours. Therefore, it can be assumed that this 

difference of temperature between the two heat treatments, 30°C, is not high enough 

to have an influence on the amount of retained austenite. 
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4.4. SCANNING ELECTRON MICROSCOPY 
In order to study the microstructure of the tested steels more in detail, a sample of 

each steel have been analyzed in the SEM. The results are shown in Figure 45 and 47: 

 

 

Figure 45. Microstructure of the 06CV steel obtained by SEM; (a) austempered at 220C 
during 22 h, and (b) austempered at 250C during 12h 

 

(a) 

(b) 
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Figure 46. EDS spectra of the 06CV steel; (a) austempered at 220C during 22h and (b) 
austempered at 250C during 12h 

 

As it is shown in Figure 45 the SEM has confirmed the microstructure of the 

ausferritic 06CV steel observed with OM. The contrast between the ferritic needles 

and retained austenite is more evident in SEM and again, there is no visible difference 

in the microstructure between the two samples subjected to austempering treatment. 

Besides, in order to assure that the chemical composition of the material is the 

same stated by the provider, every sample has been analysed by EDS. The results, as it 

can be seen in Figure 46, show that the chemical composition of both samples is 

indeed the same as shown in Table 2. 

  

(a) 

(b) 
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Figure 47. Microstructure of the four quenched & tempered steels obtained by SEM; 
(a) CALMAX, (b) VANADIS 4 EXTRA, (c) CALDIE and (d) AISI D2 - SVERKER 21 

(c) 

(d) 
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Figure 48. EDS spectra of the four quenched & tempered steels; (a) CALMAX,               
(b) VANADIS 4 EXTRA and (c) CALDIE 

 

(a) 

(b) 

(c) 
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In the case of the quenched & tempered tool steels the microstructure observed by 

OM has also been confirmed by SEM. Moreover, as in the case of Calmax for example, 

it is possible to observe the carbides better as it can be seen in Figure 47 (a). The 

contrast between the tempered martensitic matrix and the carbides can be very well 

observed. 

With the same objective as in the case of ausferritic steels EDS spectras have been 

taken in the samples, which are shown in Figure 48. Due to the high Cr content of the 

AISI D2 steel the values obtained by the EDS analysis in this sample were not 

conclusive, and therefore it is not shown in the figure. However, a sample was sent to 

SSAB in order to perform further chemical analysis by evaporating a part of the steel 

and analysing the gas, which confirmed that the chemical composition was the same 

as stated by the provider. The sample sent to SSAB is shown in Figure 49: 

 

 

Figure 49. AISI D2 sample sent to SSAB for further chemical analysis 

 

It has been enough to take EDS spectras in samples of the other three tool steels to 

confirm the chemical composition. The amount of Si and Cr is similar in all of them, 

while alloying elements such as V, Mo or Mn change from one steel to another. 
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4.5. STANDING CONTACT FATIGUE 
All five materials presented in the experimental part, 6 in total taking into account 

the two different austempering treatments applied to the 06CV, were analyzed by the 

Standing Contanct Fatigue tests. Following the test procedure explained in the 

previous chapter, the fatigue resistance curve for every material has been plotted. The 

result is shown in Figure 50: 

 

Figure 50. Comparison of the fatigue resistance curve for all the tested materials, 
determined by SCF test 

The fatigue resistance curves shown in Figure 50 lead to several interesting results. 

Firstly, AISI D2 shows worse resistance than all the other steels and the difference is 

considerable. Secondly, the steel that shows the best resistance is Caldie followed by 

Vanadis 4 Extra. Taking into account that these two steels are produced by electro slag 

remelting and powder metallurgy and therefore more expensive, it is expected that 

they show higher resistance. Finally, both 06CV subjected to different heat treatments 

and Calmax show similar resistance, higher than AISI D2 but lower than Caldie and 

Vanadis 4 Extra. Among these three steels 06CV austempered at 250°C is the one with 

the highest resistance, followed by 06CV austempered at 220°C and Calmax. It was 

also noted that at higher loads the 06CV austempered at 250°C starts cracking after 

lower number of cycles even if it shows a higher endurance limit load after high 

number of cycles. 
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As the standard life time for tool steels is 250.000 cycles the comparison of the 

fatigue resistance curves has been zoomed (Figure 51) to see the highest load that 

each steel can endure to stand 250.000 cycles (Figure 52). 

 

Figure 51. Zoom in with the comparison of the fatigue resistance curves for the steels 

 

Figure 52. Maximum load that can be applied to each material in order to stand 
250.000 cycles 
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Caldie and Vanadis 4 Extra withstand the highest loads after 250.000 cycles, 9 and 

8.5kN, followed by both 06CV and Calmax with 7, 6.5 and 6.3kN, and finally AISI D2 

with 2kN. If lower loads than the maximum in each case are applied during the life 

time the steels should not have any problem to stand 250.000 cycles. 

In order to improve the analysis of the results obtained from the SCF tests, other 

methods have been tried. An example of this is shown in Figure 53: 

 

 

 

Figure 53. The effect of the etching time on cracks created during SCF tests; Calmax 
(upper) and Vanadis 4 Extra (lower) 

The sequence of images in Figure 53 shows how the time of etching changes the 

surface of the tested sample, with the object of studying if this could help reveal cracks 

easier. The surface of two different samples, Calmax and Vanadis 4 Extra, was analyzed 

with the microscope without etching, etched during 5, 10 and 15s, and finally, after 

etching it during 15s more while cleaning it with ultrasounds. 

As it can be seen, the etching has practically no influence on the crack but the 

surface around it gets cleaner in the first 15 seconds. However, if the sample is held in 

the etchant for another 15s the surface can start to damage, in the case of Calmax, or 

it can be completely burned, in the case of Vanadis 4 Extra. Therefore, this leads to the 

conclusion that is not worth it etching the sample after each test, since it does not 

make any difference regarding the cracks, and it can damage the surface of the 

samples. 

Another aspect that have been studied with the idea of improving the analysis of 

the results is how the applied load affects the material. For that, the microstructure 

and microhardness under the indentation has been analyzed in a sample of each 

material. The results are shown in Figure 54 and 55: 
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Figure 54. microstructure of the ausferritic 06CV steel under an indentation; austempered 
at 220°C during 22 hours (left) and austempered at 250°C during 12 hours (right) 

Figure 55. microstructure of the four quenched & tempered steels under an indentation; 
(a) CALMAX, (b) VANADIS 4 EXTRA, (c) CALDIE and (d) AISI D2 - SVERKER 21 

(d) (c) 

(b) (a) 
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If the microstructure under the indentation of all tested steels, shown in Figure 54 

and 55, is compared to that in the bulk material, shown in Figure 39 and 40, it can be 

seen that there is no visible difference between the two of them. This means that the 

applied loads are not high enough to cause any change in the microstructure. 

However, the microhardness of each steel changes from the bulk material to under 

the indentation, as it can be seen in Figure 56: 

 

Figure 56. Comparison of the microhardness between the bulk material and under the 
indentation for each material 

The previous figure shows that all of the steels show higher microhardness values 

under the indentation than on the bulk material. This was expected, because even if 

the applied loads are not high enough to change the microstructure can introduce 

more dislocation in the material. The smallest relative difference in microharness 

values is shown by the 06CV austempered at 220°C, 1.73%, and the highest by Calmax, 

6.73%. 
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Finally, in order to get more information about the growth of cracks the samples 

used to perform standing contact fatigue tests have been analysed with the SEM. 

Some of the results are shown in Figures 57 - 59: 

 

 

Figure 57. General view (a) and detail (b) of a crack created in an imperfection 
observed in a Calmax sample 

 

(a) 

(b) 
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Figure 58. General view (a) and detail (b) of a crack created in an imperfection 
observed in a Vanadis 4 Extra sample 

 

 

(a) 

(b) 
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Figure 59. General view of several cracks created in imperfections observed in a 06CV 
sample 

 

(c) 

(d) 
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As it can be observed in Figures 57 - 59 the initiation point of every crack is an 

imperfection present in the material, which most often is a pore. Besides, these pores 

show an irregular (not spherical) geometry, and therefore, every vertex of the pore 

acts as a stress concentrator and increases the probability of creating a crack. A perfect 

example of this can be seen in Figure 59 (d), where cracks start growing from every 

vertex of the pore. 

However, spherical pores are also present in the material and in these cases they 

stop the propagation of the cracks. An example of this is shown in Figure 60: 

 

 

Figure 60. Detail of a crack stopping the growth of a crack observed in a Caldie sample 

 

These figures show that on the one hand, in general, pores with irregular shape act 

as stress concentrators and create cracks, and on the other hand, in some cases 

spherical pores can stop the growth of existing cracks. 
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5. CONCLUSIONS 
Out of the three expected objectives presented at the beginning of this thesis two 

have been achieved and considering the results the last one looks also promising. 

Firstly, the ausferritic steels created by austempering treatment of high silicon 

steels have shown properties similar to the tool steels, and therefore, their use in 

some tool applications seems promising in the near future. 

Secondly, the Standing Contact Fatigue test gives very useful information about the 

fatigue resistance of the different steels. As expected, those produced by electro slag 

remelting and powder metallurgy methods and therefore more expensive, show 

higher SCF resistance. Moreover, both ausferritic steels have shown a resistance 

comparable to that shown by Calmax and the AISI D2 has shown the lowest resistance. 

Finally, considering both the SCF test results and the relative comparison of the 

different types of resistance provided by SSAB and Uddeholm [21] shown in Figure 61, 

the study of the relation between the Standing Contact Fatigue resistance and 

chipping-resistance seems possible. 

 

Figure 61. Relative comparison of the different types of resistance shown for the 
tested tool steels [21] 

As it can be seen in Figure 61 the other three commercial steels show higher 

chipping-resistance than AISI D2. However, according to SSAB and Uddeholm Calmax 

shows the highest chipping-resistance, unlike the SCF resistance, and there is no 

information about the ausferritic steels. Therefore, further investigation needs to be 

done in this matter. 
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6. FUTURE ASPECTS 
Several tasks that would provide useful information but have not been possible to 

perform due to the lack of time and resources are mentioned next. 

Firstly, in order to fulfil the principal objective of the previous project, field tests 

with real conditions should be performed with the four machined parts with different 

steels (Figure 62) to see which one of them gives the best results. In addition to that, it 

would be interesting to do a study of the cost including the price of the steel, 

manufacturing and the replacement of tools to determine if it is coherent with the 

results obtained from the field tests. 

 

Figure 62: Machined parts with the different steels 

Secondly, different punches should be manufactured using the same steels used to 

run the SCF tests and then punch-tests be performed. This would provide additional 

information to reach a better understanding of the relation between the standing 

contact fatigue resistance and chipping-resistance. 

Finally, the dimensional stability of the ausferritic steels should be studied. When 

the tool steels were machined and afterwards heat treated the manufacturers noticed 

that the ausferritic steels showed dimensional changes after applying the heat 

treatment. Since it has been shown in this thesis that ausferritic steels show good 

enough properties in comparison with commercial tool steels and could be used in this 

kind of applications in the future, it would be good to study their dimensional stability 

in order to make the machining easier. 
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APPENDIX A 

STANDING CONTACT FATIGUE TESTS 
The minimum load and frequency were the same in all the performed tests, 0.5kN 

and 45Hz respectively, except in some tests with AISI D2 - SVERKER 21. 

AISI D2 - SVERKER 21 

Max Load (kN) Min Load (kN) Cycles Cracks 

9 0,5 10.000 

YES 

9 0,5 5.000 

9 0,5 2.500 

9 0,5 1.250 

9 0,5 600 

5 0,5 10.000 

YES 
5 0,5 5.000 

5 0,5 2.500 

5 0,5 1.000 

3,5 0,25 5.000 
YES 

3,5 0,25 2.000 

3,5 0,25 1.000 NO 

3 0,25 200.000 

YES 

3 0,25 100.000 

3 0,25 50.000 

3 0,25 20.000 

3 0,25 10.000 

3 0,25 5.000 

3 0,25 2.500 
NO 

3 0,25 1.000 

2,5 0,25 100.000 

YES 

2,5 0,25 20.000 

2,5 0,25 10.000 

2,5 0,25 10.000 

2,5 0,25 10.000 

2,5 0,25 5.000 

NO 

2,5 0,25 5.000 

2,5 0,25 2.000 

2,5 0,25 2.000 

2,5 0,25 1.000 
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2 0,25 400.000 

YES 2 0,25 400.000 

2 0,25 400.000 

2 0,25 350.000 

NO 

2 0,25 350.000 

2 0,25 350.000 

2 0,25 300.000 

2 0,25 200.000 

2 0,25 100.000 

06CV - 220 

Max Load (kN) Cycles Cracks 

13 30.000 

YES 
13 25.000 

13 20.000 

13 15.000 

13 10.000 

NO 13 10.000 

13 1.000 

11 50.000 

YES 
11 30.000 

11 25.000 

11 20.000 

11 15.000 

NO 
11 10.000 

11 10.000 

11 1.000 

9 60.000 

YES 9 40.000 

9 30.000 

9 25.000 

NO 9 25.000 

9 20.000 

7 100.000 YES 

7 85.000 

NO 
7 70.000 

7 50.000 

7 30.000 

6,5 200.000 NO 

6 200.000 
NO 

6 100.000 

5 400.000 
NO 

5 200.000 
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06CV - 250 

Max Load (kN) Cycles Cracks 

13 7.500 YES 

13 5.000 NO 

11 10.000 YES 

11 7.500 NO 

9 50.000 

YES 
9 30.000 

9 20.000 

9 15.000 

9 10.000 NO 

8,5 25.000 
YES 

8,5 20.000 

8 50.000 
YES 

8 40.000 

8 30.000 
NO 

8 20.000 

7 400.000 

NO 

7 200.000 

7 150.000 

7 100.000 

7 100.000 

7 75.000 

7 50.000 

 

CALMAX 

Max Load (kN) Cycles Cracks 

13 12.000 YES 

13 10.000 NO 

11 15.000 YES 

11 12.000 NO 

9 50.000 

YES 9 30.000 

9 20.000 

9 15.000 

NO 9 10.000 

9 1.000 

7,5 30.000 
YES 

7,5 25.000 
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7 100.000 
YES 

7 50.000 
7 40.000 

NO 
7 30.000 

6,5 200.000 YES 
6,5 150.000 

NO 
6,5 100.000 

6 400.000 
NO 

6 200.000 
 

VANADIS 4 EXTRA 

Max Load (kN) Cycles Cracks 

13 40.000 YES 

11 50.000 YES 

11 40.000 NO 

10 60.000 YES 

10 50.000 
NO 

10 40.000 

9,5 70.000 YES 

9,5 60.000 

NO 

9,5 50.000 

9,5 45.000 

9,5 40.000 

9,5 20.000 

9 100.000 YES 

9 80.000 

NO 

9 60.000 

9 50.000 

9 40.000 

9 30.000 

9 10.000 

8,5 400.000 

NO 

8,5 300.000 

8,5 200.000 

8,5 100.000 

8,5 87.500 

8,5 75.000 

8,5 50.000 

8,5 30.000 

8,5 20.000 

8,5 15.000 

8,5 10.000 
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CALDIE 

Max Load (kN) Cycles Cracks 

13 50.000 YES 

13 40.000 NO 

11 70.000 
YES 

11 60.000 

11 50.000 NO 

10,5 80.000 
YES 

10,5 70.000 

10,5 60.000 NO 

10 100.000 YES 

10 90.000 
NO 

10 80.000 

9,5 250.000 
YES 

9,5 15.0000 

9,5 100.000 NO 

9 400.000 

NO 

9 250.000 

9 150.000 

9 100.000 

9 50.000 
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