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Abstract
In recent years steels containing Si contents of 1,5% or more have been isothermally 
transformed in order to obtain a microstructure consisting of bainitic ferrite laths and 
retained austenite. The refined microstructure and presence of retained austenite has 
allowed the manufacture of steels with high tensile strength and considerable 
elongation. The work in this thesis is motivated by the need for more knowledge, 
especially regarding wear and fatigue properties before they can be used in engineering 
applications. 

In this work the rolling-sliding wear resistance and fatigue strength of ausferritic 
(carbide free bainitic) steels have been investigated. The dry rolling-sliding tribological 
behavior of 60SiCr7 steel, with 1.65% of Si was investigated in austempered conditions. 
The obtained ausferritic microstructure contained laths in the sub-micron range. It was 
found that the retained austenite content decreased and the hardness increased with 
lower austempering temperatures, and these changes resulted in decreasing the wear 
rate.  

The wear behavior of nano-structured ausferritic steels was investigated using the same 
rolling-sliding conditions as the previous study. If steels of the same hardness are 
compared, the wear rate was reduced by half in nano-structured steels in relation with 
the results obtained previously for the 60SiCr7 steel. Initial hardness was an important 
property in reducing rolling-sliding wear.  Surface hardness after wear was inversely 
proportional to the wear rate. It was found that the increased plasticity obtained from the 
transformation of retained austenite into martensite (TRIP effect), present in these steels 
can be beneficial for the wear resistance. 

The effect of austempering 55Si7 spring steel on its fatigue strength was also 
investigated. Three heat treatments were done, isothermal transformation at 300 and 
350°C respectively and quenching and tempering at 460°C. The samples were tested in 
rotating-bending fatigue. It was found that by austempering at 300°C the endurance 
limit was improved by approximately 25% in comparison with the other two heat 
treatments. The improved fatigue life was mainly due to the carbide-free microstructure. 
The transformation of austenite into martensite improves fatigue strength, but this 
depends on the stability of the retained austenite. 

With the current work some insight has been gained on the behavior of carbide-free 
bainitic steels in wear and fatigue. The future work will include high resolution 
techniques in order to further investigate in-depth both the wear and fatigue 
mechanisms. In addition, other wear modes will be investigated, particularly pure 
sliding. 
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1 Introduction

Since the discovery of bainite in the late 1920s, a lot of attention has been directed to the study 
of bainitic steels mainly because they possessed high toughness. However, the high amount of 
precipitates and their somewhat unpredictable microstructure made them quite unreliable. 
Hence, their use in the industrial environment has been limited. In high strength applications, 
bainitic steels have always been second to quenched and tempered steels. 

In the past thirty years, many studies have been directed to the modification and refinement of 
this increasingly interesting microstructure. By means of clever alloying and isothermal heat-
treatment, it has been possible to generate bainitic microstructures in steel which have no 
carbides. The result has been a considerable increase in mechanical properties (yield strength, 
toughness, etc.), matching and in some cases surpassing those of current commercially 
available alloys and even reaching those of maraging steels.  

These relatively new high-strength steels possess a microstructure formed by laths of bainitic 
ferrite separated by carbon enriched austenite. The microstructure is known as carbide-free 
bainite or ausferrite. While it’s similar to the microstructure found in ADI, the lower heat 
treating temperatures used in these steels, generate much finer microstructures. By adding 
minor amounts of alloying elements and controlling the austempering temperature, it is 
possible to achieve nearly complete transformation in reasonable times (10-24h) and obtain a 
microstructure consisting of ferrite laths that can be as thin as 20 nm.  

Most of the scientific interest in these steels has been directed towards studying conventional 
mechanical properties and the mechanisms of transformation of this new microstructure. 
However, very little has been investigated about more complex mechanical properties like 
wear or fatigue resistance. This thesis is directed towards the investigation of such properties 
and how they are affected by using steels with ausferritic microstructure. 

1.1 Mechanical properties of steel in relation with their microstructure 

The most common microstructure in mild steels is a mixture of ferrite and pearlite. Mild steels 
have very low carbon content and, therefore, tend to have a high amount of ferrite in their 
microstructure. However, as the strength requirements rise, so does the carbon content. Carbon 
is the main element to strengthen steel, which is why high-strength steels have medium to high 
carbon contents. Carbon also contributes to the strengthening of martensite. Therefore, 
quenched and tempered steels with higher carbon content tend to have higher yield and 
ultimate strengths.  When steels are subjected to isothermal heat treatments, it is possible to 
obtain bainitic microstructures, lower or upper depending on the temperature at which the alloy 
is treated. In this section the most common microstructures from engineering steels and their 
effect on mechanical properties has been described. In Figure 1, a standard Fe-Fe3C phase 
diagram can be seen showing the stable phases of steel and cast iron at each temperature. 
Cementite (Fe3C) is an intermetallic phase which is present at room temperature in steels. 
While it is metastable (the thermodynamically stable phase is graphite), steels never contain 
graphite in the microstructure and it is very common to have a phase diagram of iron and 
cementite [1]. Phases like martensite and bainite are metastable too but they are formed by 
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manipulating the kinetics of the    reaction. For instance, martensite is formed by cooling 
at such high rates so that the formation of ferrite is never initiated. Bainite, on the other hand, is 
formed by initially cooling fast to an intermediate temperature (lower than the temperature to 
form pearlite) and then allowing the steel to transform isothermally at this temperature. 

 
Figure 1. Fe-Fe3C phase diagram [2]. 

1.1.1 Ferritic-pearlitic steels 

Ferritic-pearlitic steels are some of the most common materials used in industry. These include 
a wide range of plain carbon steels in which alloying elements are mainly the result of the steel 
making process. While these elements are added in order to reduce the impurity content, they 
can also have strengthening effects in the steel. For instance Mn and Al are used to reduce 
sulfur and oxygen content respectively but also have other effects, and can therefore increase 
the mechanical strength of the steel. For instance, Mn is a solid solution strengthener and Al is 
a grain refiner. Figure 2 shows a typical pearlitic microstructure obtained for 60SiCr7 steel by a 
normalizing treatment. 
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Figure 2. SEM micrograph of normalized 60SiCr7 spring steel showing a pearlitic microstructure 

and small ferrite islands. 

The strength of ferritic-pearlitic steels comes mainly from the solid solution strengthening (C 
and Mn additions), grain size and amount of pearlite in the microstructure. Increasing the 
carbon content will benefit both the solid solution strengthening as well as increase the amount 
of pearlite in the steel. It is possible to control the size of the pearlitic lamellae by controlling 
the cooling rate during heat treatment. At higher cooling rates the pearlite will be finer and the 
mechanical properties of the steel (strength and toughness) will be improved [3]. 

Plain carbon steels are usually subjected to two similar heat treatments. Normalizing consists 
of transforming the steel by first heating it to 30-100°C above the A3 line (Figure 1) in order to 
obtain a fully austenitic microstructure. Afterwards the steel is cooled in air to room 
temperature. The main objective with this heat treatment is to refine both the austenite and 
pearlite grain size after hot rolling. The cooling rate will depend on the size of the component, 
and can be controlled to some extent if forced convection is used during cooling. Annealing 
generally indicates that the steel has been cooled very slowly in the furnace, yielding a coarser 
pearlite than when normalizing. This heat treatment is mainly done in order to improve the 
machinability of the steel. Other types of annealing like isothermal annealing consist of heating 
the steel to a sub-critical temperature (below A1) and maintaining it for an extended time. This 
allows isothermal transformation of the microstructure into a mix of coarse pearlite and ferrite 
and reduces the dislocation density, increasing general ductility and workability. 

1.1.2 Martensitic Steels 

When steel is quenched from the austenitizing temperature (cooled at very high rates), the 
carbon contained in the austenite remains in solution in the new phase. Since the solubility of 
carbon in ferrite is extremely low a new metastable phase is formed. Rather than by diffusion, 
as it occurs in ferrite and pearlite, martensite is formed by the deformation of the austenite 
lattice, without any large scale movement of the lattice atoms.  

The strength of martensite is highly dependent on the carbon content of the steel. Figure 3 
shows the results presented by Winchell et al. [1], who investigated the effect of carbon content 
on the hardness of martensite in plain carbon steel and compared it with the effect on the 
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strength of austenite in a Fe-Ni-C alloy in which austenite was stable at room temperature. As 
can be seen, the hardness of martensite is greatly affected by the carbon content of the steel, 
while the hardness of austenite is only slightly increased. 

 
Figure 3. Effect of carbon on the hardness of martensite in Fe-C and austenite in Fe-Ni-C alloys, 

after Cohen and Winchell, image taken from [1]. 

The high dislocation density and residual stresses that result from the transformation of 
austenite into martensite make it a hard and brittle phase. Therefore, quenched steels are very 
seldom used before tempering them at temperatures between 350 and 650°C. The tempering 
conditions (time and temperature) depend on the alloy and the final application. Higher 
tempering temperatures will produce tougher steels while lower tempering temperatures will 
maintain high yield stress values (at the cost of ductility). During tempering, the carbon in the 
martensite starts to diffuse and martensite starts to decompose into ferrite and small carbide 
precipitates (carbide chemistry depends on which alloying elements have been added to the 
steel, Fe3C is always present however). Meanwhile, the high dislocation density that results 
from quenching decreases and the residual stresses are reduced and sometimes eliminated. 
Hence, after tempering, the steel will have a lower yield and tensile strength than in the “as-
quenched” condition, but it will have a much higher toughness and ductility.  

1.1.3 Bainitic Steels 

Bain and Davenport were the first to identify this microstructure which was obtained when 
steel was allowed to transform at a constant temperature (austempering). When this 
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temperature was high enough it was observed that ferrite and cementite did not grow as parallel 
lamella (like in pearlite), but had an irregular lath-like shape. Further investigations showed 
that it was possible to obtain two types of bainite (Figure 4). Upper bainite is obtained by 
austempering above 400°C. In this case the high temperature allows carbon to completely 
diffuse out of the growing bainitic ferrite lath. Cementite will precipitate in the boundary 
between the growing ferrite plates. When isothermal transformation is done at temperatures 
under 400°C, the diffusion of carbon in the ferrite is greatly limited. Therefore, since all the 
carbon cannot diffuse out of the ferrite, small precipitates will form inside the laths. Whether 
carbon diffuses during or after ferrite growth remains unclear.  

 

 
Figure 4. Schematic representation of the differences between upper and lower bainite [4]. 

Scientists have been discussing the mechanisms of nucleation and growth of bainite since the 
1950’s. Some think of it as a diffusional mechanism due to the high transformation 
temperatures (200-550°C). However, there is some evidence to the mechanical displacement of 
atoms during transformation, similar to the martensitic transformation. This has led to the idea 
that the bainite reaction may also occur without diffusion of carbon. To date it is still not 
completely clear how bainite forms. However, this has not stopped industry from making use 
of bainitic steels, especially when high toughness is necessary like in crash reinforcements. 
Even though bainitic steels present interesting mechanical properties, they have not been able 
to match quenched and tempered steels in engineering applications 

1.1.4 Carbide-free bainitic steels 

One of the main reasons why bainitic steels had not been widely used in high strength 
applications is because they had been unable to match or surpass the yield and ultimate 
strength of common high-strength steels. This fact, coupled with the highly heterogeneous 
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nature of conventional bainitic microstructures, has made it even harder for these steels to find 
their place in industrial components.  

The interest of the scientific community in the “Bainite Controversy” has led to many advances 
in the field of bainitic steels. Among them, novel steel with a microstructure that consists of 
bainitic ferrite and retained austenite has been the subject of growing scientific interest since 
the 1980s. Sandvik and Nevalainen [5] showed that it was possible to obtain steel with a 
bainitic microstructure which had no carbides by austempering Si-alloyed steels.  They further 
showed that the mechanical properties of this steel were dependent on grain size, austenite 
volume fraction and austenite morphology. In Figure 5 an example of Si-alloyed steel that has 
been austempered to obtain a carbide-free bainitic microstructure is shown. 

 
Figure 5. SEM micrograph of 55Si7 Steel austempered at 300°C for 1 hour. The microstructure 

consists of bainitic ferrite and retained austenite films. 

Studies published by Bhadeshia and Edmonds [6] have determined that the impact toughness 
of bainitic steels is reduced dramatically when carbides are allowed to precipitate in the 
microstructure. Not only the carbide presence but also the presence of important amounts of 
mechanically or thermally unstable austenite can considerably reduce the toughness of bainitic 
steels. The appearance of large “blocky” regions of austenite in bainitic microstructures can be 
detrimental to the mechanical properties of carbide-free bainitic steel. This austenite is 
mechanically unstable and will readily transform to brittle, untempered martensite if subjected 
to moderate stresses [4]. The high hardness and brittleness of martensite will cause a decrease 
in the toughness of the alloy When the austenite appears as a film covering the bainitic ferrite 
sheaves, it requires much higher strains in order to transform to martensite (probably due to a 
high carbon content), as has been shown in the same study. In this case the austenite is 
mechanically stable and acts as a dislocation trap, leading to further strengthening of the 
material without compromising its toughness [4]. 

The latest developments have enabled designing of alloys that can be isothermally transformed 
at temperatures as low as 200°C [7-14]. The low transformation temperatures restrict atomic 
diffusion and the large undercooling at which the transformation takes place greatly promotes 
nucleation. As a direct result, the bainitic ferrite plates (and the retained austenite) have 
nanometer level thickness (Figure 6). The combination of the aforementioned microstructural 
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characteristics result in steel which has yield and ultimate strengths that match quenched and 
tempered steels coupled with higher toughness. In the best nano-bainitic alloys, the properties 
match those of maraging steels. In Figure 7, a comparison is shown among conventional 
quenched and tempered, maraging and nano-bainitic steels. It is possible to see that nano-
bainitic steels have a set of properties that can be interesting from an engineering point of view. 
It is also important to mention that maraging steels have a cost 30 times higher than that of the 
average nano-bainitic steel. 

 
Figure 6. TEM micrograph of nano-structured carbide-free bainitic steel. [7] 

 
Figure 7. Comparison of nano-structured carbide-free bainitic steels with other common steels. 

The circular and square data points represent the novel nano-structured steels [11]. 

Carbide-free bainitic steels do not fall into the category of conventional TRIP (transformation 
induced plasticity) assisted steels. The main difference lies in the composition of the steels and 
the processing treatment. However, as mentioned previously, these steels have retained 
austenite in the microstructure as a metastable phase at room temperature. This retained 
austenite can and will transform to martensite when subjected to sufficiently high stresses. 
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The TRIP effect has two main consequences. The first is an instantaneous hardening of the 
microstructure due to the formation of martensite which is much harder and brittle than 
austenite. The second is a volumetric expansion of the austenite which in turn will cause 
internal compressive stresses. Since austenite is the least present of the two phases (the other 
one is bainitic ferrite) it will be completely surrounded by bainitic ferrite, therefore, when the 
transformation to martensite occurs the volumetric expansion is restricted by the surrounding 
ferrite, generating a residual compressive stress. Consequently, the TRIP effect will increase 
cracking resistance [4].  

The presence of mechanically stable retained austenite at the tip of growing cracks will induce 
a crack tip blunting effect due to its higher ductility (as compared to ferrite). Furthermore, if 
the stress concentration is high enough at the crack tip, the transformation of austenite into 
martensite will occur, increasing the total work of fracture and consequently the toughness of 
the material.  

Initial investigations indicated that the properties of carbide free bainitic steels were not 
affected by the mechanical stability of retained austenite [5]. However, subsequent 
investigations [4, 6] have shown that there is in fact a difference between “filmy” and “blocky” 
retained austenite. It has been shown that the toughness of carbide-free bainitic steels can be 
increased by reducing the amount of blocky austenite in the microstructure. Such findings are 
important from a wear and/or fatigue point of view since higher toughness usually means 
increased resistance to the growth of cracks. 

Most conventional steels rely on the presence of carbides to increase mechanical properties. 
However, increasing carbide content, also leads to reduced toughness. Moreover, carbides are 
preferential points for crack and void nucleation in high-strength steel. All these effects are 
removed when the steels are alloyed and heat treated to form a carbide-free microstructure. 
Instead of using precipitates, these new steels rely on grain refinement to fulfill strength 
requirements. The thickness of the ferrite plates is below 1μm and can go as low as 30 nm in 
the most recent nano-bainitic alloys. Since the thickness of the plates determines the mean free 
slip distance, the effective grain size is consequently lower [4]. Grain refinement is the only 
method that can increase both strength and toughness simultaneously in steels.  

By a simple austempering heat treatment and clever alloying during steel making, it is possible 
to obtain nano-grained bainitic steels without carbides which have high strength and high 
toughness. To date this cannot be achieved by any other commercially viable process.  

1.2 Tribological research on bainitic steels 

There have been many attempts to include austempered steels into wear applications. So far, 
conventional bainite steels have been used with good results in railroad switches. It is in this 
field that most of the published research has been done. Particularly a number of studies by 
Clayton and co-workers have been of great importance in showing the behavior of bainitic 
steels for rail applications [15-17]. Their studies dealt with the effect of microstructural 
characteristics of pearlitic and bainitic steels on wear behavior. They have also investigated the 
effect of alloying on the wear resistance of bainitic steels. In conclusion, they suggest that 
additions of C, Cr and Mn are important in creating high wear resistant bainitic alloys. The 
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results obtained on bainitic steels indicated that, when subjected to sliding wear, bainitic steels 
matched or outperformed all but the best pearlitic rail steels. They further studied the effect of 
interlamellar spacing on rolling/sliding wear but no clear trend was observed. 

The scientific interest in using carbide-free bainitic steels on wear applications had been 
limited until very recently. Shah et al. [18] investigated the erosion resistance of two different 
high-silicon steels austempered at two different holding times. They have established that a 
fully carbide-free bainitic microstructure resulted in a very high erosion resistance. Either the 
presence of untempered martensite (incomplete transformation) or carbides (longer 
austempering times) will result in a reduction of both erosion resistance and mechanical 
properties. In this thorough study, a considerable strain hardening of the carbide-free 
microstructure was seen and this resulted in erosion resistance.  

Ping et al. [19] investigated the sliding wear behavior of high-silicon steels and compared it to 
that of austempered cast iron. The goal was to see if graphite would have an effect on friction 
and wear of an austempered steel microstructure. It was found that graphite nodules have 
almost no effect on friction, but cause a considerable weakening of the surface and, under the 
conditions used, lead to cracking of the samples, whereas no cracks were observed in the 
austempered steels. 

Clayton et al. [16] while investigating about bainitic steels found that a  carbide-free bainite in 
the microstructure can be beneficial towards rolling/sliding wear. The steel they have used 
contained a mix of carbide free bainite, retained austenite and martensite. Their results showed 
that this steel had a wear rate in the same order of magnitude as Hadfield’s manganese steel 
(commonly used in the rail industry) at the highest loads and slip ratios. Lee et al. [20] 
followed this study and analyzed the same steel used by Clayton and Jin in 1996 (named J6). 
Field and laboratory tests were conducted on the “J6” steel and compared with Hadfield’s 
manganese steel. Their main finding was that Hadfield’s steel had a lower wear rate than the 
experimental alloy in the field tests and in pure sliding conditions. However, it was also 
noticed that the bainitic steel had a higher resistance to rolling contact fatigue than the 
conventional rail steel. This was attributed to an absence of surface hardening in the 
experimental alloy rails. 

Previously, research had focused on finding a bainitic steel that could have better wear 
performance than the ones currently used in engineering applications. Shipway et al. [21] 
published one of the first studies on the effect of the austempering temperature on the sliding 
wear performance of carbide-free bainitic steels. It was found that in 0.45C-2.08Si-2.69Mn 
steel, the lowest sliding wear rate was obtained when an austempering treatment was applied. If 
the austempering temperature was too high, the hardness was also high but the wear resistance 
was low. At low austempering temperatures, both wear resistance and hardness were low. The 
best results came from austempering at a temperature of 329°C. This transformation 
temperature gave the best wear resistance of all the heat treatments studied, including 
quenching and tempering. The high wear resistance of the structure was attributed to the grade 
of refinement of the bainite and the lack of cementite and martensite in the microstructure. 

The lack of carbides has been identified as one of the main reasons for the good mechanical 
properties of carbide-free bainitic steels. The effect of austenite remains a mystery. According 
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to a review published by Bhadeshia [22], there is evidence from tensile tests to suggest that if 
austenite is in the form of films and has a high stability; it will be beneficial for mechanical 
strength and possibly for wear resistance also. However, if large “blocky” regions of austenite 
are present which will transform readily into martensite, they will cause hardening and 
embrittlement due to the transformation of austenite into martensite under low stresses. It is 
still not fully clear how these aspects will affect the wear rate. 

Chang [23] published a study where he compared the rolling/sliding wear resistance of various 
high silicon austempered steels through laboratory tests. Amongst his main findings is that 
steel with an almost fully bainitic microstructure gave an extremely low wear rate (0,3 mg/m). 
Allotriomorphic ferrite was found to be detrimental to the wear resistance. The presence of 
retained austenite was beneficial since it increased strain hardening in the contact surface, and 
in turn wear resistance. He also studied the surface transformation of austenite into martensite 
by XRD. He found that all the retained austenite in the contact surface will transform to 
martensite during testing. Despite this fact, the wear rate was quite low. This raises an 
important question as to how the transformation of austenite into martensite can improve wear 
resistance. It is believed that, if the transformation into martensite requires large deformations 
then the toughness of the material will increase and consequently  enhance the wear resistance. 

The latest wear investigations on the wear properties of carbide-free bainitic steels have shown 
interesting results when compared to other quenched and tempered steels. In a recent 
publication by Vuorinen et al. [24], the wear behavior of Si-alloyed austempered steel was 
investigated in dry rolling/sliding. Laser hardened and quench and tempered steel were used as 
reference materials. While the laser hardened steels showed the best wear resistance, the 
carbide-free bainitic steel had a specific wear coefficient (expressed as mm3/N.m) 
approximately 2-3 times higher (same order of magnitude). The quenched and tempered 
variant showed a much higher wear coefficient (two orders of magnitude higher than the laser 
hardened steels). 

The nano-scaled variant of the carbide-free bainitic steels family is much younger than their 
predecessors. However, scientific interest is growing fast, since the publication of preliminary 
results [25-27]. Using nano-bainitic steels in sliding wear have important improvements in 
wear resistance when compared with quenched and tempered bearing steel. These results have 
been obtained for the material as a bulk [25] and as a coating [27], obtained by means of a 
carburizing treatment. Wang et al. [25] have observed the wear surface using TEM. Their 
analysis showed that the observed microstructure consisted of very fine ferrite grains of nm 
size. However, the sample preparation used in this publication may limit the amount of 
information that can be obtained. By slicing the material parallel to the contact surface, the 
material that was below the surface has been lost, as well as any useful information that could 
be contained. Yang et al. [27] further reported that, for nano-scaled bainitic steels, the wear rate 
decreased proportionally with the tempering temperature when the transformation temperature 
varied between 200 and 260°C. 
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1.3 Fatigue research on carbide-free bainitic steels 

The fatigue research on carbide-free bainitic steels has been limited. It is not yet certain how 
cracks grow through the carbide-free bainitic microstructure during fatigue. However, Chen et 
al. [28] have described cracking under tensile stresses using in-situ SEM. While cracking 
during tensile testing is somewhat different from fatigue cracking, the paths that cracks tend to 
grow along usually are places of high free energy and this is not dependent on whether the 
stresses are static or cyclic. In Figure 8 a schematic is shown of how cracks grow during tensile 
fracture of carbide-free bainitic steel. It is not without logic to assume that a fatigue crack will 
have a growth path very similar to what has been proposed for tensile fracture by Chen.  

An important factor to take into account is the grain refinement of nano-scaled steels. Grain 
refinement is important for the crack nucleation phase since a small grain size will limit the 
formation of slip bands. However, it can be argued that with the high grade of refinement 
present in nano-structured steels, the area occupied by grain boundaries can provide 
preferential paths for crack propagation. These effects have yet to be investigated and may 
shed some light on the behavior of nano-bainitic steels under cyclic loading. 

 
Figure 8. Schematic showing crack nucleation and growth during tensile testing after Chen et al. 

[28] 

Wei et al. [29] showed that the presence of carbide-free bainite in duplex steel 
(martensite/ausferrite) can reduce fatigue crack propagation rates and increase the crack growth 
threshold. At high austempering temperatures (>300°C), the fatigue life of carbide-free bainitic 
steel was comparable to that of commercial AISI 4340 steel [30]. Preliminary results on 
isothermally treated steels with nano-scaled CFB microstructures show considerable 
improvement in their fatigue limit, ranging from 800-1200 MPa [31, 32]. 

While the literature on the fatigue behavior of carbide-free bainitic steels is somewhat limited, 
the fact that these steels are TRIP assisted leaves room for comparative analyses with TRIP 
steels. The TRIP effect has been linked to beneficial effects in fatigue for TRIP steels [33]. For 
instance, if cyclic loading causes a transformation of austenite into martensite, micro-crack 
propagation can be delayed [34]. Another beneficial effect can be crack tip closure due to the 
volumetric change when the transformation of austenite into martensite occurs at the plastic 



Wear and fatigue of isothermally treated high-Si steels 

12 

zone ahead of the crack tip [35]. Furthermore, if the austenite is sufficiently stable (high carbon 
concentration), a crack tip blunting effect which reduces stress concentration at the tip can 
occur. These aspects can all be responsible for retarding fatigue crack growth and make 
carbide-free bainitic steels an interesting choice. 

While most studies deal with how the TRIP effect retards fatigue crack growth, it is important 
to note that this accounts for a small period of the fatigue failure process. Therefore, it is 
important to investigate the influence of the TRIP effect on crack initiation. In a study by 
Sugimoto et al. [36], it was determined that the notch sensitivity of bainitic ferrite TRIP-aided 
steel is lower than that of conventional martensitic steel. The fatigue crack initiation occurs 
mainly as the result of micro-slip in the maximum stress regions of the components, localized 
along narrow bands. Such slip under cyclic stresses leads to the formation of surface offsets 
(intrusions and extrusions) [37]. These offsets act as stress concentration sites where micro-
cracks will be nucleated (similar to the effect of a notch but at lower scale). According to 
Sugimoto’s findings, in TRIP assisted steels the notch sensitivity is lower. Since it is known 
that the nano-bainitic alloys are TRIP assisted, it can be expected that crack nucleation will be 
retarded, thus improving the fatigue life. Finally, once the surface offsets have been created at 
the surface of a component loaded under cyclic stresses, the stress concentration at these 
offsets can be high enough to promote the transformation of retained austenite into martensite. 
The direct consequence is that compressive stresses would be introduced at these stress 
concentration sites. As it is widely known, compressive surface stresses increase fatigue life 
[37]. 

1.4 Potential of carbide-free bainitic steels 

Along this review, data has been presented that shows that it is indeed possible to achieve 
similar or higher mechanical properties than any of the steels currently available, not by adding 
expensive alloying, but by merely clever designing and such low-temperature heat treatments 
that yield structures that are refined to a nanometric level. This makes them a potential 
candidate for many engineering applications. 

In 2012 already three studies have been presented on the wear and fatigue properties of these 
materials. These steels might have the potential to become high-end competitors in lots of wear 
and cyclic loading situations. However, it is only the beginning. Before these steels can enter 
the highly competitive market of high strength steels, further studies are needed about their 
performance in a variety of forms of wear and fatigue. 

Gears are a potential group of components that these steels could be used in. Gears are 
components which can have large dimensions and are therefore not always made of highly 
alloyed steel. Normally gears are surface hardened in order to have high wear resistance, but 
also to keep bulk toughness to a maximum. Now, if a gear was made from an austempered 
high-Si steel, not only would it have high toughness and high wear resistance, but also these 
properties would exist through the entirety of the component. In a surface hardened gear, if the 
hardened layer is lost, the gear will most likely fail unexpectedly, something that may not 
happen in a gear that has been through hardened by austempering. Attempts have been made 
[38-40] to manufacture and test austempered ductile iron (ADI) gears with results comparable 
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to quench and tempered steel. While recent results with low-loss gears show an improvement 
in the power losses in comparison with carburized gears, the wear rate of ADI gears remains 
higher than for the carburized gears. ADI has a microstructure denominated “ausferrite” which 
is in essence carbide-free bainite. However, the high temperatures at which ADI is 
austempered generate a very coarse bainitic ferrite, which diminishes the mechanical 
properties. Another negative factor of austempering at high temperatures is that it will likely 
allow certain degree of diffusion so that blocky austenite will be present in the microstructure, 
and thereby adversely affecting the properties even more. If instead the ADI was to be 
substituted by nano-bainitic steel, three important effects would be working towards the 
improvement of gear performance. First, the low temperature of transformation will generate a 
nano-scaled microstructure. A second effect of lower austempering temperatures will be a 
decrease of carbon diffusion therefore minimizing the growth of blocky austenite. Finally, in 
steel there are no graphite nodules in the microstructure. While graphite may help reduce 
friction in dry situations, it is proven that graphite in the iron matrix will greatly decrease its 
mechanical properties and also its wear resistance [19]. 

Another application where carbide-free bainitic steels can be introduced is in rails. The fact 
that rails are such large components is an advantage. Austempering in these steels can yield 
homogenous properties through the whole rail. Nano-structured steels will have a lower wear 
rate than conventional rail steels. Furthermore, the fact that these steels can have higher proof 
stress and ultimate tensile strength can be exploited, leading to new rail designs. 

The aforementioned applications are the ones that have received some attention by the 
scientific community. There is however clear need for more research and it is possible that 
nano-structured steels can find their way into any number of engineering applications. 

1.5 Unanswered questions

From the open literature on the subject, it is quite clear that it is necessary to provide the 
scientific and industrial community with clearer data on the complex and sometimes 
contradictory wear results that can be seen among the listed publications. Moreover, many 
questions remain unanswered. The true role of retained austenite is still not fully understood. It 
is believed that when austenite increases the toughness of the material, it will help reduce the 
wear rate, but there is room for deeper investigations. No recent reports on the abrasive or 
erosive wear properties of these materials were found. It has been suggested that steels 
containing retained austenite may be more resistant to hydrogen damage due its lower diffusion 
rate in austenite.  

Initially, the presence of large blocky regions of retained austenite in the microstructure can be 
detrimental to wear.  The pressence of carbide in the microstructure is thought to be 
detrimental to wear and therefore, carbide-free bainitic steels should provide better wear 
performance. The current work presents initial results. However, tests directed at specific 
applications can be useful in identifying the true potential of these materials. More complex 
properties have yet to be studied, for example: rolling contact fatigue resistance. Then their 
potential for use in gears and other high strength wear components have to be analyzed. 
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Other more specific questions arise. For instance, it has been shown that where there is sliding, 
cracks will propagate along the oriented microstructure. It is also known that all austenite in the 
surface will transform to martensite as a result of the high strain. What is yet not known is if 
the cracking grows preferentially in either bainite, martensite or at the interfaces. 

The low-cost and extraordinary mechanical properties of these steels make them an interesting 
choice in industrial applications. Before this is achieved, more research must be carried out in 
order to establish if they in fact represent a long term gain in terms of enhanced strength and 
service life. 
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2 Aims of this thesis 

Carbide-free bainitic steels are relatively new and while there has been extensive analysis of 
their tensile strength and fracture toughness, their fatigue and wear behavior have not been 
adequately studied. Moreover, the effects of the microstructure on the crack growth have not 
been thoroughly investigated. With the current research the goal has been to: 

1. Investigate the tribological and fatigue behavior of carbide-free bainitic steels. 
2. Understand how the carbide-free bainitic microstructure is affecting the wear rate and 

the fatigue life of these steels. 
3. Understand how the TRIP effect can influence the fatigue life and the wear rate of 

carbide-free bainitic steels. 
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3 Experimental materials and test methods 

In the initial part of this work, several commercial steels with a Si content of at least 1,5 wt.% 
have been used for wear and fatigue testing. These materials were chosen because they can be 
austempered to produce ausferritic microstructures. They are spring steels which usually are 
subjected to quench and tempering heat treatments, providing a good reference material. In 
order to investigate the wear characteristics of nano-structured carbide-free bainitic steels, new 
experimental alloys were used. In this section, all these alloys are presented. The experimental 
techniques and the test procedures for investigating the wear and fatigue behavior of these 
steels have also been described. 

3.1 Materials and heat treatments

Paper A 

In this investigation, EN-60SiCr7 spring steel was used as a base material due to its 
composition (shown in Table 1). The Si content in this steel is enough to suppress carbide 
formation from austenite during austempering. The aim was to investigate the effects of 
austempering temperature and retained austenite content on rolling/sliding wear of carbide-free 
bainitic steels. Therefore, the material was subjected to three different isothermal treating 
temperatures: 250, 300 and 350°C. The transformation time was kept constant at 1 hour. This 
yielded microstructures with different contents of bainitic ferrite and retained austenite. After 
heat treating, the samples were machined to the final dimensions. 

Table 1. Composition of 60SiCr7 steel used in paper A 

Element Weight % 

C 0.61 
Si 1.72 
Mn 0.75 
Cr 0.35 
Ni 0.12 
Mo 0.04 

Paper B 

In this study, the rolling/sliding wear investigations on nano-structured carbide-free bainitic 
steels have been carried out using the same conditions as those in paper A. The alloys were 
supplied by two steel makers, ASCOMETAL-CREAS and SIDENOR GERDAU I+D. Their 
composition is presented in Table 2 along with the chosen transformation temperatures for 
each alloy. These steels have been designed to have faster transformation kinetics than in 
previous nano-bainitic alloys, which need up to 10 days of holding time to achieve full 
transformation [4]. The alloys studied in paper B, achieve complete transformation in 22 hours 
or less at the chosen transformation temperatures. EN-100Cr6 steel has been austempered at 
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250 and 300°C obtaining a lower bainitic microstructure. This was the selected reference 
material with which to compare the studied nano-structured alloys. 

Table 2. Summary of alloys and austempering temperatures used in Paper B 

Alloy C Si Mn Cr 
Transformation
Temperature

(time)

1C 0,99 1,50 0,76 0,46 250°C (16h) 

1CSi 0,98 2,90 0,77 0,45 250°C (16h) 

09C 0,9 1,65 0,79 0,48 
220°C (22h) 
250°C (16h) 
270°C   (7h) 

06C 0,68 1,60 1,25 1,50 250°C (12h) 

100Cr6 1,00 0,3 0,3 1,5  250°C (1,5h) 
300°C   (1h) 

Paper C 

This investigation deals with the fatigue properties of carbide-free bainitic steels. The test 
material consisted of 15 mm diameter bars of EN-55Si7 steel. Table 3 shows the chemical 
composition of this steel. As can be seen the Si content is above 1,5% which is the necessary 
amount to suppress carbide formation from austenite during austempering. Furthermore, 
springs are commonly subjected to cyclic loading. This material in quenched and tempered 
condition has been used as a reference material for comparison of fatigue strength of ausferritic 
steels.  

Table 3. Composition of 55Si7 steel used in Paper C 

Element Weight % 

C 0,55 
Si 1,72 
Mn 0,74 
Cr 0,22 
Ni 0,18 
Mo 0,03 

 

The bars were cut according to the requirements for fatigue and tensile tests. Specimens were 
machined from the central part of the bars. The specimens were austenitized for 30 minutes at 
860°C and then heat treated in three conditions: quenched to room temperature and tempered at 
460°C (QT from here onwards), austempered at 300°C for 1 hour and austempered at 350°C 
for 1 hour (named A1 and A2 respectively). 
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3.2 Microstructural Characterization 

A Jeol JSM 6460 scanning electron microscope was used to investigate the microstructure of 
all the samples. Prior to the examination, metallographic sample preparation was performed. 
The samples were first ground down to a 1200 grit SiC sand paper. Afterwards, the specimen 
surface was polished with diamond paste down to a particle size of 0,25 μm. Final polishing 
was done using a colloidal silica suspension. This was enough to obtain an undeformed 
surface. Etching was done with 2% Nital solution.  

After completion of all the wear tests, the worn surfaces of tested discs were studied with SEM 
without disturbing the actual surface in order to identify damage types. Additionally, cross-
sections were made from worn specimens and prepared following the metallographic 
preparation described above. This allowed the study of the sub-surface region of the wear 
samples which gave more information about wear mechanisms. 

For broken fatigue specimens, SEM fractographs were taken directly from the fracture surface 
in order to identify crack initiation site, as well as the type of final fracture. The fracture 
surfaces were first sprayed with acetone and then blown with compressed air to remove 
contaminants. 

The X-ray diffraction analysis was performed using a Philips X’pertMRD X-ray diffractometer 
with monochromatic CuK  radiation with 40 kV and 45mA. The scanning speed used was 
0.74°/min in 2 . The volume fraction of ferrite (X ) and austenite (X ) were determined by the 
direct comparison method [41] using integrated intensities of the {1 1 0}, {2 0 0} and {2 1 1} 
planes of ferrite and the {1 1 1}, {2 0 0} and {2 2 0} planes of austenite. XRD analyses were 
carried out on the polished samples of all the studied alloys. With the intention of studying the 
phase transformation that could have taken place during wear, XRD analyses were also done 
on the contact surface of wear specimens  

3.3 Wear and fatigue testing 

In this section the two main experimental techniques used to evaluate the behavior of carbide-
free bainitic steels in wear and fatigue are presented. Paper A and B have very similar testing 
procedures and therefore are presented in the same section.  

In the case of wear testing, it is important to mention that these studies have been performed to 
rank different materials only and not to simulate any specific application. Rotating-bending is a 
standard test method used to investigate the fatigue behavior of many materials. 

Papers A and B 

The conditions used in papers A and B have been identical. The only difference among them is 
that in paper A the wear rate has been evaluated for three different test times: 1, 3 and 5 hours, 
while in paper B only the longest test time has been used. 

Rolling/sliding wear testing was done using self-mated pairs mounted on a UTM 2000 twin 
disc tribometer (Figure 9). The machine is capable of running at speeds ranging from 60 up to 
2000 rpm. The load is applied through dead weights and a lever mechanism connected to a 
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force transducer with a maximum capacity of 1000 N. The machine is equipped with a heating 
device and a pump which makes it possible to run tests in lubricated conditions. It is also 
possible to heat the lubricating oil bath for conducting lubricated tests at elevated temperatures. 
The specimens consist of cylindrical discs with ~45 mm of external diameter, 25 mm inner 
diameter and 10 mm thickness. In the current tests the specimens were used in the “as 
machined” condition have Ra values ranging from 0,3 to 0,55 μm. 

 
Figure 9. UTM 2000 twin-disc tribometer and detail of the mounted discs. 

In the current work wear tests were run in dry conditions with a speed of 100 rpm. A 5% slip 
ratio was used between the mating samples. The applied load was set to 300 N for all tests and 
running time was 1, 3 and 5 hours for the tests done in paper A and 5 hours for paper B. The 
ambient conditions were 25°C temperature and 23% relative humidity. The samples were 
marked, cleaned and weighed before and after testing. The measured mass loss of the total pair 
was used to calculate the specific wear rate according to Equation 1. It is important to note that, 
in paper A, a new set of samples was used for every test. Removing the samples from the 
machine to be weighed and using them further could introduce a new “run-in” effect, which in 
turn would increase the scatter in wear results. 

            Equation 1 

Paper C 

In this case the investigation was centered on fatigue. The chosen test method was rotating-
bending fatigue. As a consequence, the stress ratio (R) was -1, which indicates fully reversed 
cyclic loading. The rotating-bending machine used was an “in-house” model based on a three 
point bend arrangement, as shown in Figure 10. The motor was run at a constant speed of 3000 
rpm and the load was applied by means of spring loading mechanism coupled to a load-cell. 
Load, speed and revolutions were controlled by means of a computerized data acquisition and 
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control software. The software included a failsafe which shut down the driving motor on test 
completion (either by failure or run-out). Staircase testing [42] was used in order to determine 
the endurance limit (Rfat) where 50% of the samples present failure. This was obtained from 
testing  of 20 samples for each of the three heat treatments studied. The chosen cycle limit 
before a sample was considered a “run-out” was 2.5 million cycles. 

 
Figure 10. Schematic of the 3-point bend arrangement used for the rotating bending fatigue tests. 

The main sample dimensions are included. 
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4 Prominent results 

The following sections present the results obtained throughout the making of this thesis. For 
each of the materials used, it was possible to verify by microscopy and XRD analyses that the 
isothermal heat treatments were able to produce carbide-free bainitic microstructures when 
intended. 

The current investigations have given some insight on the tribological behavior of carbide-free 
bainitic steels. While the wear rates have been analyzed, the investigations have been directed 
towards investigating how the carbide-free bainitic microstructure affects the mechanisms of 
material loss.  

The fatigue investigations have shown that it is possible modify the Rfat/Rm ratio by 
austempering. This suggested that the microstructure of the steel has an important effect in the 
fatigue cracking behavior of the material.  

4.1 Microstructures

Paper A 

In Figure 11 the microstructures obtained for 60SiCr7 steel after the three different heat 
treatments are shown. As can be seen, in all cases the microstructure is formed by lathy 
carbide-free bainitic ferrite and retained austenite. The presence of austenite was corroborated 
by the XRD measurements. The retained austenite contents calculated from the XRD analyses 
are shown in Table 4. As can be seen, the retained austenite content increases with increasing 
isothermal transformation temperature. At lower austempering temperatures, there is greater 
supercooling and, consequently, ferrite nucleation is promoted. This results in higher ferrite 
contents as the austempering is done at lower temperatures [43]. 

 

Table 4. Retained austenite content for samples manufactured from 60SiCr7 steel at after 
isothermal transformation at different temperatures. 

Austempering
temperature

Retained
austenite (%) 

Hardness
(HV0,3)

250°C 12 627 

300°C 14 530 

350°C 18 410 
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Figure 11. Microstructure of 60SiCr7 steel austempered at a) 250°C b) 300°C and c) 350°C 

Paper B 

In Figure 12 the microstructures of alloy 09C austempered at two different temperatures are 
shown. The micrographs illustrate the refinement achieved in the nano-structured alloys. In 
each nano-structured alloy investigated, the measured average lath thickness was under 60 nm. 
As with all carbide-free bainitic alloys all these samples also contain retained austenite. The 
average lath thickness and retained austenite content of all experimental alloys are summarized 
in Table 5. 

As can be seen in Table 5 lath thickness does not change significantly between the 1C and 09C 
samples. This is because their carbon content is very similar and carbon content influences the 
bainitic ferrite lath thickness [44]. As can be seen, in sample 06C, which has lower carbon 
content, the lath thickness increased considerably. The retained austenite content was highest in 
the alloy with 1%C and 2.9% Si and lowest in the 06C alloy. Different austempering 
temperatures did not affect the retained austenite content in the 09C alloy. This was mainly 
because the transformation temperatures are very similar (total change of 50°C between the 
highest and lowest austempering temperature) and because the transformation time was 
changed in order to reach full transformation in all cases. 
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Figure 12. SEM micrographs of nano-bainitic alloys after austempering, a) 09C 220°C, 22hours, 

b) 09C 250°C, 16 hours. 

Table 5. Average bainite lath thickness, retained austenite content and hardness of nano-
structured steels studied in paper B 

Alloy Bainite lath 
thickness (nm) 

Retained
Austenite (%)

Hardness
(HV0.5)

1C 250 38 20 660 

1CSi 250 39 33 630 

09C 220 32 22 693 

09C 250 38 18 640 

09C 270 36 24 621 

06C 250 60 12 589 

100Cr6 250 - - 712 

100Cr6 300 - - 605 

Paper C 

Figure 13 shows the microstructures obtained for 55Si7 steel for the three different heat 
treatments. As can be seen, the QT sample had a tempered martensitic microstructure. Samples 
A1 and A2 presented a carbide free bainitic microstructure. As expected, sample A2 had a 
coarser microstructure than A1 due to its higher transformation temperature. The retained 
austenite content calculated from XRD measurements and the ultimate tensile strength 
obtained from tensile tests are shown in Table 6. In this table the average sub-unit thickness 
has also been presented. These values represent the lath thickness of bainite (in the 
austempered samples) and the tempered martensite sub-unit thickness. The values were taken 
as the average of ten measurements done in a single micrograph at 4000X magnification and 
have a high standard deviation. However, they give an idea about the refinement of the 
microstructure on each material. 
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The main difference among QT and the austempered samples lies in its micro-constituents. The 
QT sample consists of tempered martensite which is a mixture of ferrite and fine cementite 
(Fe3C) precipitates. The A1 and A2 samples consist of fine bainitic ferrite laths with retained 
austenite films between them. This implies that precipitation hardening is a mechanism present 
in the QT sample but not in the austempered ones. However, the deformation of metastable 
retained austenite will cause its transformation to martensite which simultaneously increases 
ductility and mechanical strength. This is known as the transformation induced plasticity 
(TRIP) effect 

 
Figure 13. SEM micrographs of 55Si7 steel a) austempered at 300°C 1h b) austempered at 350°C 

1h c) quenched and tempered at 460°C 1h 

Table 6. Microstructural parameters and tensile properties of 55Si7 steel according to heat 
treatment.

Sample Retained
Austenite (%) 

Sub-unit
thickness (μm) Heat treatment UTS (MPa) Z(%) 

A1 19 0,40 ± 0,18 Austempering
(300°C) 1550 43 

A2 31 0,65 ± 0,21 Austempering
(350°C) 1290 44 

QT - 0,63 ± 0,29 
Quenching and 

tempering
(460°C)

1640 34 
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4.2 Wear behavior of carbide-free bainitic steels (Papers A and B) 

Figure 14 shows a plot of the specific wear rate vs. the bulk hardness of each of the alloys 
studied in papers A and B. (with the exception of 60SiCr7 steel austempered at 350°C). At a 
first glance, it is possible to see a clear improvement between the steel used in paper A 
(60SiCr7) and the nano-bainitic steels used in paper B. The main reason for this lies in the 
grain refinement. The carbide-free bainitic steels used in paper B have been designed to form 
nano-scaled bainite. While the spring steel used in paper A has been austempered at similar 
temperatures, it has not yielded a nano-scaled microstructure. The minimum bainitic lath 
thickness seen in these steels is approximately 0,35 μm. In the nano-structured steels used in 
paper B the maximum average lath thickness was 0,06 μm, a very steep difference.  

The wear rates of the 100Cr6 steel and 60SiCr7 steel austempered at 300 and 250°C, are 
dependent on bulk hardness. This relation is not so pronounced in the nano-bainitic steels. In 
fact, alloys 06C250, 09C270, 1CSi250 and 09C250 all present similar wear rates despite 
having different hardness. This indicates that some other factors are also influencing the wear 
of these materials. 

In Figure 14 it is possible to see that nano-bainitic and sub-micrometric ausferritic steels follow 
different trends. At bulk hardness values above 650 HV0,5 both groups of steel seem to have a 
similar relation of wear rate vs. hardness. At lower hardness values, the nano-structured 
carbide-free bainitic alloys present a relatively constant wear rate independent of the hardness 
or carbon content of the alloy. This difference in wear rate is likely the result of the grain 
refinement achieved in the nano-structured alloys. In this case it is possible to argue that there 
are likely other factors influencing the wear rate of these materials. The relation between 
bainitic lath thickness and wear rate was investigated but no clear trend could be observed. The 
same occurred with the retained austenite vs. wear rate relation. The relation between wear rate 
and final surface hardness was investigated in paper B and the behavior can be seen in Figure 
15. In this case the trend is that at higher final hardness the wear rate will be lower. This has 
led to believe that toughness and the ability to harden under deformation is of key importance 
and that is why nano-structured alloys studied in this work exhibit such low wear rates despite 
their lower initial hardness. 
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Figure 14 Specific wear rate vs. initial hardness for carbide-free bainitic steels. The blue points 

belong to paper A, all the remaining points were obtained for paper B. 

 
Figure 15. Specific wear rate as a function of final surface hardness for the studied nano-bainitic 

alloys and reference sample  

4.3 Wear mechanisms (Papers A and B) 

The initial investigations (paper A) showed that the wear of carbide-free bainitic steels presents 
wear mechanisms that change throughout the test. Initially sliding wear is the main mechanism 
of material removal. The wear debris is pushed into the contact and is smeared by the acting 
forces. The SEM analysis of worn disc surfaces after one hour tests have revealed a 
considerable amount of adhesive damage. In addition, there are signs of delamination in the 
surface, can be seen  in Figure 16a. If compared with the worn surface after five hours (Figure 
16b) some differences can be seen. Debris smearing is still present and also delamination. 
However, the presence of indentation damage is higher after the five hours test.  
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Figure 16. SEM micrograph of worn surface of sample 60SiCr7 Steel austempered at 350°C taken 

at different test times, a) 1 hour b) 5 hours 

The cross section analyses of the worn samples revealed further information about the origin of 
the delaminating flakes as well as the observed indentation damage. For instance, the 
delaminating flakes are the result of rolling contact fatigue (RCF). As seen in Figure 17a 
cracking is not only limited to the surface but there is also presence of sub-surface cracking 
which is evidence of RCF [42]. As can be seen, cracking follows the oriented microstructure. 

The indentations observed in Figure 16b may be caused by two different processes- The first 
explanation is that these “indents” are the result of the delamination of the material due effect 
of RCF. The second possibility is that the debris that has oxidized and accumulated in the 
surface is hard enough to cause indentation damage when pressed into the tribological contact 
as shown in Figure 17b.  

The observation of smeared debris indicate the occurrence of adhesive wear but its overall 
contribution to adhesive wear is not very significant. During the running-in period, the elastic–
plastic deformation of the surface asperities that takes place due to adhesion, results in the 
creation of crack nucleation sites in the surface as the oriented microstructures show in Figure 
17.  

 
Figure 17. Cross section micrographs of 60SiCr7 steel, a) austempered at 300°C tested for three 

hours, b) austempered at 350°C tested for five hours. 
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In the nano-structured steels studied in paper B, similar wear mechanisms were observed 
(Figure 18). Moreover, for conventional 100Cr6 steel subjected to austempering at 250 and 
300°C the worn surfaces looked very similar (Figure 19). This is an indication that similar 
wear mechanisms are present in all cases. 

 
Figure 18. Worn surfaces of nano-structured carbide-free bainitic steels, a) 09C austempered at 

250°C, b) 09C austempered at 220°C. Test time: 5 hours. 

The SEM analyses of corss-sections of disc specimens showed that adhesive forces have an 
important effect on the microstructure of the material in the sub-surface zone. Moreover, it was 
observed that besides orienting the microstructure which provides preferential crack growth 
paths, it has an important effect in the generation of crack initiation sites. In Figure 20 a and b 
crack initiation sites can be seen. These initiation sites are formed by the deformation of the 
surface asperities. This is deduced from the deformation of the microstructure surrounding 
them. Therefore, while adhesion is not widely present as a direct mechanism of material 
removal, it acts as an indirect mechanism by aiding in the initiation and growth of RCF cracks. 
Furthermore, once the RCF cracks have reached a certain length, the adhesive forces can create 
secondary cracking perpendicular to the oriented microstructure, as shown in Figure 20, aiding 
in the removal of formed flakes. 

 

 
Figure 19. Worn surfaces of 100Cr6 steel, a) austempered at 250°C, b) austempered at 300°C. 

Test time: 5 hours. 
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Figure 20. Cross sectional SEM micrographs of nano-bainitic steels showing crack initiation sites 

created by the deformation of asperities by adhesion. a) 06C 250, b) 09C 250. 

 
Figure 21. Cross section SEM micrograph of nano-bainitic steel showing secondary cracking 

perpendicular to the oriented microstructure. Sample 09C270 

4.4 The effect of retained austenite on wear (Papers A and B) 

In paper A, it was seen that at lower austenite contents, the wear rate of the material decreased. 
However, after the results were obtained for the nano-structured steels in paper B, this trend 
was not observed. For instance the 09C samples have similar retained austenite contents at the 
three different austempering temperature, yet show different wear rates, especially when 
austempering at 220°C. Moreover, the 06C 250, which had a retained austenite content of 12% 
presented a very similar wear rate to sample 1CSi 250 which had 33% retained austenite, (see 
Figure 14 and Table 5) and both show very different bulk hardness values. It implies that the 
toughness of the material, or the exent of deformation the material can withstand without 
fracture also influences wear. While sample 06C250 has lower yield strength, its ductility and 
toughness will be higher. This can account for the similar wear rates observed. 

Hardening during wear is also important. Samples exhibiting low bulk hardness but that have a 
high capacity to harden during deformation can reach very high surface hardness during wear. 
This will in turn reduce the material removal due to adhesive and abrasive forces, improving 
wear resistance.  
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Yang et al. [27] reported that nearly all the retained austenite in the worn surface of nano-
structured bainitic steel subjected to sliding wear will transform into martensite. This was also 
seen in the surface of the carbide-free bainitic steels studied in paper A. This shows that the 
TRIP effect is present during deformation under sliding wear for this type of steel. The TRIP 
effect can be beneficial since it can increase the ductility of the steel [46]. This will in turn 
increase toughness, and also wear resistance. An example of the effect of retained austenite on 
the wear properties can be seen when comparing samples 1C250 and 1CSi250. Even though 
the hardness of sample 1CSi250 is slightly lower, due to a higher amount of retained austenite 
(see Table 5), its average wear rate is 20% lower (Figure 14). Since the transformation 
temperature and average bainite lath thickness are similar in both samples (Table 5), the 
observed wear behavior can be attributed to the higher retained austenite content, and higher 
toughness exhibited by the 1CSi250 sample. 

4.5 Fatigue behavior of carbide-free bainitic steel (Paper C) 

In this investigation on the fatigue behavior of carbide-free bainitic steels, austempering was 
used on standard 55Si7 spring steel. Interesting results have been obtained, particularly when 
isothermal transformation was done at 300°C. The results from staircase testing have allowed a 
rough estimation of the endurance limit where 50% of the samples will break in rotating-
bending fatigue; these results are presented as a function of the maximum alternating stress in 
Figure 22. As can be seen, the A1 sample presents significant improvement in fatigue strength 
in comparison with the other two heat treatments. 

 
Figure 22. Endurance limit of 55Si7 steel A1 austempered at 300°C, A2 austempered at 350°C 

and QT quenched and tempered at 460°C 

The ratio between the endurance limit and the ultimate tensile strength (Rfat/Rm) was calculated 
for all samples. It has been determined that, for steels with hardness below 400HV, this ratio is 
roughly 0,5 and is not dependent of the microstructure [32]. However, fatigue investigations 
showed that for nano-structured carbide-free bainitic steels the fatigue limit had no direct 
correlation with the tensile strength [32]. In the current tests (2.5x106 cycles), the austempered 
steels have a Rfat/Rm ratio of 0,63 when austempered at 300°C and 0,58 at 350°C while the QT 
sample has a Rfat/Rm ratio of 0,47. Since the aforementioned ratio of 0,5 was estimated for a 
fatigue life of 107 cycles, direct comparison of the current samples with the literature would not 
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be proper. Nevertheless, comparison amongst the studied samples is possible. The observed 
change in the Rfat/Rm ratio at different heat treatments, suggests that there is an effect of the 
microstructure on the fatigue behavior. 

4.6 Microstructural effects on fatigue (Paper C) 

As was mentioned above, the results indicate that microstructure has an important effect in the 
fatigue behavior of the current steel. The main differences between samples A1 and QT lie in 
their microstructures. The tensile properties are similar. Strength is slightly higher in the QT 
sample but ductility is better in the A1 sample. Strength in these samples is achieved partly 
through different mechanisms. In the QT sample Fe3C precipitates are present (precipitation 
hardening). In the A1 sample there are no precipitates since carbide formation is suppressed 
during isothermal treatment. In sample A1, strength is achieved by the high refinement of the 
microstructure. The TRIP effect is also present which can increase the ductility of this sample, 
as well as its work hardening ability. 

The presence of cementite particles in the microstructure give preferential sites for crack 
initiation in fatigue, something that should not happen in the A1 or A2 samples since carbide 
precipitation from austenite is suppressed when the steel has high silicon content. This 
important difference in the microstructure of the samples does have an impact in the fatigue 
behavior of the material. The lack of carbides in the microstructure is not the only feature 
delaying crack initiation. As was earlier discussed in the introduction, the TRIP effect can have 
beneficial effects in fatigue: generation of compressive stresses, crack tip blunting and crack tip 
closure. All these factors work towards delaying crack initiation and crack growth. This can be 
a reason for the improved fatigue performance of carbide-free bainitic steels in comparison 
with quenched and tempered steel. 

After fatigue testing, the fracture surface hardness in the fatigue crack growth zone was 
measured for selected broken specimens. In Figure 23 a comparison between bulk hardness and 
the surface hardness in the fatigue crack growth zone is shown. As can be seen, the A2 sample 
(austempered at 350°C) presented the highest hardening followed by the QT and the A1 
samples.  

The differences in hardening between the samples may be a direct consequence of the 
differences in yield strength. Since samples A2 and QT have a lower hardness, work hardening 
can take place at lower stresses. Differences in the amount of hardening exhibited by the 
austempered samples can also be a result of a difference in the hardening mechanism of their 
microconstituents. In Table 6 it could be seen that there is roughly 10% more retained austenite 
in sample A2 than in sample A1. If it is assumed that all the austenite transforms into 
martensite in both samples due to the TRIP effect, then the contribution of martensite towards 
hardness would be lower in sample A1 (due to its lower retained austenite content) resulting in 
lower hardening ability.  

It is interesting to note that the endurance limit and the surface hardness in the fatigue crack 
growth zone follow a similar trend for samples A2 and QT. However, for sample A1 the 
increase in fatigue resistance was much higher than the increase in surface hardening. An 
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important question arises: is the retained austenite transforming to martensite during fatigue 
crack growth? In regards to this question, there exist three different scenarios:  

1. None of the austempered samples present transformation of austenite into martensite. 

2. The austenite in sample A2 transforms into martensite but not in sample A1. (the 
opposite scenario is not possible since the mechanical stability of austenite is higher in 
sample A1) 

3. The austenite in both samples transforms into martensite 

If the TRIP effect is not present in any of the samples, the hardening may be attributed solely 
to the differences in bulk hardness. In the second case, two different mechanisms may be 
working in samples A1 and A2 respectively. While in sample A1 the possible explanation is 
that the retained austenite in the microstructure is slowing crack growth due to a crack tip 
blunting effect, in sample A2, where the TRIP effect is present, it is possible that the 
volumetric expansion resulting from the transformation of austenite into martensite is leading 
to crack tip closure, thus increasing fatigue life. The latter explanation can be used to describe 
scenario number 3 for both austempered samples. 

 
Figure 23. Comparison of endurance limit, fatigue growth surface hardness and bulk hardness 

for each heat treatment. 

The presence of blocky austenite has been related to poor performance under tensile stresses, 
as was mentioned in the introduction. While no quantitative data has been currently acquired, 
the qualitative analysis of optical micrographs from the 55Si7 steel show that the presence of 
blocky austenite is higher in sample A2 than in A1 (see Figure 24). This is a direct result of the 
higher austempering temperature used in sample A2. At higher austempering temperatures, 
carbon diffusion is more active. When the bainite is growing, carbon diffuses into the 
surrounding austenite. The higher carbon concentration in the austenite that results from this 
process makes it metastable at the transformation temperature and the transformation stops. 
While there is a considerable difference in tensile properties between samples A1 and A2, the 
Rfat/Rm ratio is slightly lower in the latter. Further investigation is needed in order to study 
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whether the presence of considerable amounts of blocky austenite may be detrimental to the 
fatigue behavior of carbide-free bainitic steels 

 
Figure 24.Optical micrographs of 55Si7 steel a) austempered at 300°C (A1) b) austempered at 

350°C (A2)
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5 Conclusions

The wear and fatigue investigations carried out in this work have led to important results about 
the fatigue and wear properties of carbide-free bainitic steels and how this microstructure is 
affecting such properties. The following are the main conclusions derived from this work: 

Nano-structured ausferritic steels exhibited significantly lower specific wear rates when 
compared to the reference 100Cr6 steel with lower bainite microstructure and other 
carbide-free bainitic steels, even at the same hardness levels. At hardness values of 
approximately 600 HV, the wear rate was reduced by half 

During wear the all the retained austenite in the surface of the wear samples is 
transformed into martensite. 

The TRIP effect can be beneficial towards wear if it increases the toughness of the 
material i.e. if the stability of the retained austenite is high. 

The endurance limit (50%) at 2.5 million cycles was similar in the QT (quenched and 
tempered) and A2 (austempered at 350 °C) specimens. In the specimens austempered at 
300 °C the endurance limit was increased approximately 25% in comparison. 

The increase in fatigue properties of the austempered steels is mainly the result of: the 
refinement of the microstructure, the suppression of carbide precipitation and the TRIP 
effect. 
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6 Future work 

In industry, steels used to make components for specific applications have been thoroughly 
studied. Their composition and heat treatment has been optimized for peak performance. They 
are the result of years of research and development. The steels used in this thesis are still in 
early stages of development. What is interesting is that it has been possible to recreate 
mechanical properties of other commercially available steels including highly alloyed steels. 
This suggests that it would be possible to obtain even better mechanical properties (tensile, 
fatigue, wear, creep, etc.) once these materials have been sufficiently investigated. 

In this thesis, the wear and fatigue investigations have given some insight about the potential 
these materials have in these applications. While it is a very small step, it has given an initial 
point from where to direct further research. 

Sliding wear resistance is a very important material property which is needed in a number of 
engineering applications: thrust bearings, cylinder liners, etc. These materials could prove an 
improvement in many of these applications. However, the research on sliding wear of carbide-
free bainitic steel is very limited, which makes it a perfect area of study. 

The wear results show that carbide-free bainitic steels (especially the nano-structured variety) 
can have a reasonable wear resistance. Furthermore, it has been possible to modify the wear 
resistance of the materials by means of manipulating the heat treatment. It has been observed 
that the chemical composition will also change the wear behavior. Therefore, further research 
can be directed at finding the best alloying and heat treatment combination to obtain a material 
with the best properties for a desired application. 

The fatigue behavior of carbide-free bainitic steels has been a growing area of interest; 
however, scientific knowledge in this field is still limited. The current investigations on the 
fatigue behavior of carbide-free bainitic steels have shown that this microstructure may have 
beneficial effects on the fatigue life of the specimens. However, this was an initial investigation 
and further research is needed in order to fully characterize the fatigue properties of these 
steels. 
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The  dry rolling/sliding wear behaviour of Si alloyed carbide free bainitic steel austempered at different
temperatures and sliding distances has been evaluated. 60SiCr7 spring steel samples were austempered

in  a salt bath maintained at 250, 300 and 350 C respectively for  1 h. Rolling with 5% sliding wear tests
were performed using self  mated discs for  three different test cycles, namely 6000, 18,000 and 30,000
cycles. The  aim was to study the wear performance of the 60SiCr7 steel with a carbide-free microstruc-
ture containing different amounts of retained austenite. An in-depth microstructural characterization has
been carried out before and after the wear tests in  order to link the wear behaviour to the microstruc-
ture of each sample. The  wear resistance has been expressed by  means of the speci c wear calculated
from the mass loss after the tests. The  worn surfaces were analysed by  scanning electron microscopy
and X-ray diffraction. Microhardness pro les were also obtained in  order to analyse strain-hardening
effects beneath the contact surfaces. The  results indicate that the material with highest hardness—the
one austempered at 250 C—exhibited the lowest wear rate in every case. It was also observed that the
hardness increment and thickness of  the hardened layer increases with increasing the austempering
temperature and number of  test cycles. Finally, the results appear to indicate that the initial rough-
ness of the samples has no  major effect in  the wear rate of the samples above 2500 cycles. The  higher
wear performance of the sample austempered at 250 C has been attributed to its superior mechanical
properties provided by its ner microstructure. It has been evidenced that all samples undergo the TRIP
phenomenon since, after wear; no  retained austenite could be detected by XRD. 

© 2011 Elsevier B.V. All rights reserved.
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1.  Introduction et al. [1]  shows pearlitic steels to  be  superior to  bainitic, another
study by Shipway et al. shows the opposite [6]. A possible reason 
for  this could be  that conventional bainitic microstructures
tend not to be homogeneous. 
In  this study, the tribological behaviour of  a  relatively new 
microstructure  initially developed in  steels by  Bhadheshia and 
Edmonds [7],  has  been investigated. The  main goal  has  been to 
provide an   increased understanding of  the  tribological perfor- 
mance of  austempered high-silicon steel in  order to  contribute 
to   the  on-going work of  discovering its   possible applications. 
Hence, this research involves the microstructural study of carbide 
free  bainitic steel (also referred to  as  ausferritic steel) subjected 
to   rolling/sliding wear.  These steels,  in  particular with  a  car- 
bide free  bainitic microstructure—a combination of lath-like ferrite 
and high carbon austenite—have several advantages including 
high-strength, high toughness and ductility depending upon the 
transformation temperature and time used in their heat treatment 
[8,9]. Therefore, since these steels present an unusual 
combination of good mechanical properties and low
manufacturing cost, in com- parison with conventional high-
strength steels; they may nd their use  in a wide variety of
applications such as automotive, rails and in heavy engineering 
industries [10]. 

For  years the industrial needs for  high-strength  steels have 
been met mainly with the use   of  high alloy   steels,
especially in  tribology applications where the common goal   is 
to  obtain surfaces that can  withstand large loads without
suffering severe damage. The steels used vary widely according 
to the application. For  instance, bearings are  commonly 
manufactured in  quenched and tempered 100Cr6 (DIN) steel
which has  a tempered marten- sitic  microstructure and a 
considerable content of carbides. On the other hand, rail  steels, 
which are  subjected to  slightly lower con- tact stresses than
bearings, are  manufactured mainly in  pearlitic steel, basically 
because the cost of  making a  homogeneous rail in  quenched 
and  tempered  100Cr6 steel  would be   unaccept- able. 
There have been many attempts in the past to support bainitic 
steels for their use in the rail industry [1–5]. However, the literature 
in this eld is somewhat contradictory. While a study by Clayton
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Table 1 
Chemical composition of 60SiCr7 steel and hardness in normalised condition.

Element Weight% 

C Si
Mn 
Cr 
Ni 
Mo 

0.61 
1.72 
0.75 
0.35 
0.12 
0.04 

Hardness (HV0.3 ) 265 

2.  Experimental 

2.1.  Experimental materials 

Fig.  1.  Microstructure of sample austempered at 250 C.
60SiCr7 spring  steel  was used  to   produce  the  ausferritic 
structure with varied volume fraction of retained austenite.
The chemical composition of the steel is given in Table  1. The test 
samples were rst austenitized to 820 C for 30 min and then 
quenched in  a salt bath maintained at a constant temperature
of 250,  300 or  350 C for  1 h  in  order to  get  the desired 
microstructure with different phase volume fractions of ferrite 
and austenite. 

been performed on all the test samples up to a depth of 320 μm
to study the extent of deformed zone. 

2.4.  Metallography

A Jeol  JSM  6460 scanning electron microscope was used to 
investigate the microstructure of all the samples. SEM 
micrographs were taken both before and after the wear tests
to  examine the microstructure. Prior to the examination,
classical metallographic sample preparation was performed. The
etching was done with 2% Nital. After completion of all the wear 
tests, the worn surfaces were studied with SEM without 
disturbing the actual surface. Finally, the samples were cut  into 
longitudinal and cross-sections in order to study the 
characteristics of the sub-surface region using the same sample 
preparation mentioned above. 

2.2.  Wear tests 

The  rolling/sliding UTM  2000 twin-disc  machine  consists of 
two counter-rotating servo-motors where the test discs 
(straight cylinders) of 44.5 mm diameter (variable) and 10 mm 
thickness are mounted. The resulting contact geometry is,
therefore, a line  con- tact. Since  the samples were used in “as
machined” conditions, the surface roughness of the discs was
not constant for  all  the sam- ples. This fact also caused the 
contact width to vary during the test. Initially, the contact width
was limited to a few  millimetres and it increased to the full width 
of the sample during the tests. The initial Hertzian contact 
pressure was calculated to be 1420 MPa. However the contact 
area changes throughout the test as a consequence of wear. The
material pairs were self mated and tested at room condi- tions (25

C, 23% humidity) without lubrication. The rolling/sliding tests
were performed at 100 rpm speed with 300 N load and a 5% slip
ratio. The contact load and the friction coef cient can  be mon- 
itored continuously during the test. This  has  been an 
exploratory study and no attempt has  been made to simulate a 
real application. These conditions are  primarily intended at 
investigating the tribo- logical behaviour of these new
microstructures. Previous studies on different materials with 
similar test parameters have been done in the past by Vuorinen 
et al. [11,12]. 
The  discs were tested at three different test cycles, i.e., 6000, 
18,000 and 30,000 respectively, using a  new set  of  samples
for each run. Prior to  the wear tests, the test discs were
cleaned in heptane using an  ultrasonic cleaner. Subsequently, 
the samples were weighed and surface roughness measurements 
were made on each disc  specimen in a WYKO 1100 NT optical 
pro ler. After  the completion of each test, the disc  specimens 
were subjected to the same cleaning, weighing and surface 
characterization techniques mentioned previously. 

2.5.  XRD

The  X-ray diffraction analysis was performed using a  Philips 
X’pert MRD X-ray diffractometer with monochromatic CuKa
radia- tion with 40 kV and 45 mA. The scanning speed used was 
0.74 /min in 2(}. The volume fraction of ferrite (Xa) and
austenite (X-y) were determined by the direct comparison 
method [13] using the inte- grated intensities of the {1 1 0} {2 0
and the {1 1 1}, {2 0 0} and {2 2 0} planes of austenite. XRD analyses
were carried out on the samples’ worn surfaces with the intention
of studying the phase transformation that could have taken place
during wear. 

3.  Results and discussion

3.1.  Materials characterisation 

The  microstructure of  the sample austempered at 250 C is 
shown in Fig. 1. Before heat treating the samples present a 
pearlitic microstructure, with small ferrite islands, which is to be
expected in  near eutectoid carbon concentrations. It is evident
from Fig. 1 that the austempering treatment done on the 
samples has  yielded the expected ausferritic microstructure: 
ferrite laths surrounded by retained austenite lms in between. 
The same type of microstruc- ture for  these steels has  been
obtained in  previous works under similar austempering
treatments [12].  Qualitatively, it could also be  observed that
the microstructure is ner at lower austemper- ing 
temperatures, which is to  be  expected. At lower heat treating 
temperatures the nucleation rate increases and the large amount
of growing laths interrupt their own growth. The length of the 
longest 

2.3.  Microhardness tests 

The  “as  heat treated” Vickers hardness values were obtained 
from the mean of at least ve  suitably spaced hardness 
indenta- tions using a load of 300 g. The  surface and sub-
surface hardness measurements were made with a 100 g load.
The  measurements were made at ve  different places on  the
worn surface and the mean was calculated. The  sub-surface
microhardness tests have 
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Table 2 
Surface roughness variation with test cycles. 

Austempering 
temperature ( C) 

Ra (,_m) 6000 test cycles Ra (,_m) 18,000 test cycles Ra (,_m) 30,000 test cycles

Before 
wear 

After 
wear

Before 
wear 

After 
wear

Before 
wear 

After 
wear

250 
300 
350 

0.2 
0.2 
0.5 

2.0 
2.1 
2.3 

0.3
0.2
0.5

2.2
3. 0
2.6

0.2 
0.2 
0.2 

3.0
3.0
3.7

ferritic lath-packages observed by SEM was estimated to be
about 
10 ,μm.

shows an  increasing trend with increased number of test
cycles. This  is  probably a  consequence of  a  higher material
removal as a result of severe wear. Another interesting fact  is
that, the con- siderable variations in  the initial roughness had
a  limited effect on  the nal surface roughness of the samples, 
also  possibly due to  the severe wear that the specimens are 
subjected to.  Both  the increase of roughness with the number of 
cycles and the negligible effect of the initial roughness under dry 
rolling–sliding have been reported in the past for pearlitic rail
steels by Tyfour et al. [16]  and the behaviour of the steels studied 
in this investigation follow this same trend. The reason for this 
may be that, while the initial rough- ness plays an  important role 
in the running-in behaviour (as  will be explained further in
Section 3.5), after long periods of time, the asperities have been 
worn to similar heights. Therefore, the mech- anisms operating at 
the surface in every test are  very alike, giving rise  to similar Ra 
values at a given test time in all the samples. 

3.2.  Microhardness 

In Fig. 2 it can be seen that the hardness of the material decreases as
the austempering temperature increases, which could be a con- 
sequence of the increased amount of the soft and ductile phase (the 
retained austenite) as has  been observed previously [14]. 

3.3.  XRD measurements 

XRD spectra were taken at the samples’ surface in order to cal-
culate their phase content. All specimens contained a mixture of 
ferrite and austenite before wear testing and no carbide peaks could 
be observed. This could be evidence that the samples are  carbide- 
free.  However, it is necessary to remember that the material must 
contain more than 2% of a certain phase for it to be detected by 
XRD. 
The  austenite content has  been calculated from the XRD mea- 
surements in each of the samples before and after wear testing. 
In Fig. 3, the calculated phase percentage of the studied samples 
prior to  testing can  be  seen. It is clear that there is an  increase
in  the amount of austenite as  the austempering temperature
increases. This is a consequence of the fact  that, at lower 
austempering tem- peratures, there is greater supercooling and, 
consequently, more ferrite is nucleated. Therefore, the ferrite 
content is higher at lower austempering temperatures  and
decreases as  the austempering temperature increases [15]. 

3.5.  Friction coef cient

The tribological studies performed show that the friction coef-
cient is time dependent. The  observed trend is that the

average friction coef cient decreases with increased number of
test cycles as shown in Fig. 4. It is also observed that the friction 
curve consists of two regions, “running-in” and “steady state”,
which is typical for  most dry  contacts and even some lubricated 
contacts [17,18]. This effect is mainly due to an increase in contact 
area as the initial asperities are  removed. The  overall average
coef cient of friction has  been calculated for the “steady state” 
and lies  within 0.55  and 
0.58  for all the test pairs. 
The duration of the running-in process seems to be determined by
the initial surface roughness of the mating materials. The results 
imply that a  higher initial surface roughness results in  a 
longer running-in period. This is due to the fact  that larger 
asperities will 

3.4.  Worn  and  unworn surfaces 

The   3D  topographies were measured before and after the 
rolling/sliding wear tests. From these measurements, the
average surface roughness (Ra) was obtained and is presented in
Table  2. It  is  evident that the surface roughness has  increased 
after the rolling/sliding tests. It is also remarkable that the surface 
roughness 

600
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400

300

200 250 300 350 400

Austempering Temperature (°C)
Fig.  3.  Phase percentage calculated from XRD measurements at different austem-
pering temperatures. Fig.  2.  Microhardness as function of austempering temperature.
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Fig. 4.  Friction coef cient as a function of time for  specimens austempered at different temperatures. De nition of “run-in” and “steady state” stages are described in Section
3.5. 

3.6.  Wear rate
usually take longer time to be worn off. The frictional behaviour of 
the specimens austempered at 350 C and run for 3 h and 1 h pre-
sented a higher initial roughness than the rest of the samples (see 
Table  2), showing therefore a higher run-in time. 
It could seem  peculiar that,  when  the  samples’ roughness 
increases, the friction coef cient increases as  well. Generally a 
higher roughness would mean that the real contact area decreases 
which generally (but not always) would mean a decrease in the fric- 
tion coef cient. However, it is necessary to stress the fact  that the 
orientation of the roughness might affect the frictional behaviour. 
When the samples are in “as machined” conditions, the roughness 
has  a de ned texture parallel to  the rolling direction. This  initial 
texture could be the reason why the samples exhibit a low  friction 
coef cient in the run-in stage (Fig. 4);  nonetheless, as the texture 
obtained in  machining is worn off, the samples start to  show an 
increased surface roughness (Table 2) with a completely different 
texture (see Fig. 5). 
The friction coef cient increases rapidly during running-in until it
reaches a “steady state” with considerable scattering. There may be
many reasons for the observed scattering. As explained in Sec- 
tion 2.2 the discs are  running with a considerable amount of slip 
(5%), therefore, the discs’  surfaces are  in  constant relative move- 
ment. This relative movement causes the samples’ surfaces to 
come into contact at different relative positions in  every cycle, 
causing a subtle “running-in” effect with every revolution of the 
disc.  In addition to this, the wear debris produced, which is later 
oxidized into hard particles, is  pressed into the rolling–sliding 
contact constantly during the test. These hard particles, if embed- 
ded into one of the surfaces, could cause ploughing into the 
counter surface, therefore causing irregularities in the friction 
coef cient. 

The speci c wear rates calculated from the mass loss  of each 
sample and the sliding distance are presented in Fig. 6. The
amount of material loss depends mainly on the test cycles, load, 
slip, area of contact, and also the initial hardness of the material. In 
this case, the slip and load are being kept constant throughout the 
tests. There- fore, the main parameters affecting the wear rate
are  the area of contact, test cycles and initial hardness of the 
material. It is impor- tant to note that the initial hardness it is 
closely related to  the microstructure and the austenite content of 
the material. 

Fig. 5.  SEM image of the worn surface of the specimen austempered at 250 C after
6000 cycles. Sliding direction upwards. 
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250C - 627HV5.0x10-4

4.0x10-4

3.0x10-4
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0 10000 20000 30000
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Fig.  6.  Speci c wear rate obtained at different number of test cycles. Fig. 7.  SEM micrograph in BES mode of surface and sub-surface cracks observed for
the specimen austempered at 300 C after 18,000 cycles. 

From Fig. 6, it is found that the speci c wear rate increases with 
the increase in the number of test cycles for  all the samples. 
One possible cause could be  the gradual increase of the contact 
width through the test. It was measured that after 6000 cycles (1 
h) the contact width is about 4.92 mm while after 30,000 (5 h) it 
increased to 8–10 mm. This would mean a contact pressure 
decrease of about 
1420 MPa  to  310 MPa  (hertzian stresses). It  is  likely that, upon 
reaching the lower contact pressure, the samples are  not so  sus- 
ceptible to  sliding wear as  they are  at the initial higher
contact pressures. However, since after some time the width of 
the contact increases, a larger area of the sample is subjected to 
rolling con- tact fatigue (hereby referred to  as  RCF), which can 
occur even at these lower stresses. The effect of RCF over a wider 
contact causes a higher material loss than at lower cycles, when
the contact width length was considerably smaller. This  
statement also  implies that the steels in question are more 
susceptible to RCF wear than to slid- ing wear under the current
conditions; however, more research is needed in order to verify 
this hypothesis. 

An interesting behaviour of the sample austempered at 300 C is
observed in Fig. 6. The  wear rate is higher than the other sam- 
ples for 6000 cycles. This peculiar behaviour could be the result 
of differences in the contact width of the test samples. 
At lower test cycles (6000 i.e., after 1 h),  the contact width is 
higher for the samples austempered at 300 C compared to samples 
austempered at 350 C and 250 C which present the same con-
tact width. This  difference may account for  the higher wear rate 

of the surface asperities that takes place due to  adhesion, results 
in  the creation of  crack nucleation sites in  the surface. This  can 
be observed in the cross section cracks presented in Fig. 7. Cracks 
have been originated from the surface at stress concentration sites 
originated from asperities deformed by adhesion. In addition, since 
the wear debris has  not been removed from the contact, it has  oxi- 
dized and agglomerated in the surface, causing some indentation 
and small scale 3-body abrasion. 
In steady state friction, once most of the initial asperities have 
been deformed or worn off, the surface is subjected to plastic shear- 
ing  and also  indentation damage due to the accumulation of hard 
wear debris. High  normal loads combined with tangential traction 
forces result in large strain cracks nearly parallel to the contact sur- 
face.  As seen in Fig. 7, surface and sub-surface cracks were formed 
due to RCF. The cracks, which may have nucleated in the surface or 
just below the surface, have propagated and coalesced resulting in 
the local  delamination of the material. The  length of the cracks 
is far longer than the longest ferrite lath package lengths 
observed. It is also  observed that the microstructure is oriented
strictly along the wear direction creating a “lamellar” 
microstructure consisting of lath-packages together with cracks. 
This phenomenon has  been observed in all specimens. 
Another of the mechanisms mentioned includes the accumula- 
tion of oxidized wear debris which was mainly responsible for
the indentation damage that was shown in Fig. 5. It has  been 
possible to  observe that the debris tends to  pile  up  at the
contact opening and is afterwards pressed inside the contact. This
has lead to plastic deformation of the surface, as can be observed in 
Fig. 8. EDX spectra were taken in the marked areas showing a
high presence of oxy- gen  and iron and traces of chromium,
manganese and silicon. This shows that the wear debris 
produced is oxidized during the tests. 
It can  also  be  interesting to  note in Figs. 7 and 8, that the 
microstructure is much ner closer to  the contact surface than in 
the bulk. As can be seen, this region has suffered heavy plastic defor- 
mation and the microstructure has  aligned parallel to  the
sliding direction. This is typical of sliding contacts and has  been 
reported by Chang in the past [19]. 

3.7.  Wear mechanisms 

After the rolling/sliding tests were completed, the worn surfaces 
were analysed by SEM, as well as with XRD. The damage observed in 
different specimens, due to the rolling/sliding contact, was mainly 
the result of adhesive wear and surface cracking, likely originated 
by contact fatigue. The worn surfaces’ features can be closely exam- 
ined in Fig. 5. In addition, apparent indentation marks have been 
observed on the surface. Two possible explanations for this type 
of damage are possible. The rst explanation is that these
“indents” are the result of the delamination of the material due 
effect of RCF (Fig. 7). The second possibility is that the debris that 
has  oxidized and accumulated in the surface is hard enough to
cause indentation damage when pressed into the tribological 
contact (Fig. 8). Adhe- sive wear is not largely observed in the
worn surfaces. The main evidence of adhesive damage lies in the
observed surface cracking. During the running-in period, the
elastic–plastic deformation 

3.8. XRD analyses after wear

The worn disc  surfaces have been analysed by XRD in order to 
study the phase transformations that could have taken place dur- 
ing wear. The results presented in Fig. 9 show that, for the 
sample austempered at 250 C, the retained austenite initially 
present in the sample, has  been completely transformed into 
martensite after 1 h of testing (6000 cycles). No austenite could be
observed in any 

S
pe

ci
fic

   
W

ea
r 

m
m

3/
N

.m

300C - 530HV
350C - 410HV

 

 



 

A. Leiro et al. / Wear 273 (2011) 2–8 7

Fig.  8.  Oxidized wear debris agglomerated on top of the deformed surface and EDS spectra. Sample austempered at 350 C and tested for  30,000 cycles.

of the other worn samples. This  can  be  a clue  that, for  these 
test conditions, the steels currently in  use  can  present a  TRIP
effect (transformation induced plasticity), as  well as  a complete 
trans- formation to  martensite after one hour of testing. Similar 
results have been obtained in a study by Chang for other 
ausferritic steels [19].  The  TRIP effect consists in  the
transformation of  soft  duc- tile  retained austenite into
martensite. The  effect of the amount of retained austenite in
wear has  been studied in the past by Vuori- nen et al. [11,12] and,
as  has  been shown in  the current study, a higher austenite
content in the steel appears to  result in a worse wear 
performance of these materials. 

250-6000 cycles900

800

700

600
0 50 100   150   200   250    300   350

 

Distance from the surface, μm

Fig.  10. Hardness pro le for  the sample austempered at 250 C for  different test
times. 3.9.  Microhardness pro les 

Several microhardness tests were conducted along the cross-
sections of all samples, in order to investigate the hardness of the 
worn surface as well as the depth of the deformed sub-surface. 
Such hardness pro les are  shown in  Fig. 10  for  the specimen 
austem- pered at 250 C. In all cases there is a signi cant 
hardening at the surface and sub-surface regions present up  to  a
certain depth. It is likely that this is because of the increased
dislocation density caused by  the massive plastic deformation, 
i.e., strain-hardening. The  depth of the deformed layer depends
on  the hardness of the material and the number of test cycles. 

The  hardness increase experienced by  all  samples might not 
only be  attributed to  the aforementioned strain-hardening, but 
also   to   the  strain  induced martensitic  transformation of   the 
retained austenite. As has  been mentioned before, the XRD anal- 
yses have shown evidence that this transformation is present
in the samples’ surface. Therefore, it is possible to  assume that
both strain-hardening and the strain induced phase 
transformation are contributing mechanisms to the increased 
hardness of the samples after the rolling–sliding tests. One 
interesting consequence is that the lath structure oriented along 
the wear direction shown in Fig. 7 most probably consists of
ferrite laths and thin martensite lms. Martensite is formed 
from austenite by deformation and thereby to a certain depth 
below the surface. If the cracks shown in Fig. 7 are formed at the
ferrite-martensite interface and if they are  stopped at the 
martensite-austenite border or not is a question of interest to be
studied in the future. 

300
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Fig. 9.  XRD patterns before and after 6000 cycles of testing for  the sample austem-
pered at 250 C. Fig.  11. Depth of the deformed layer as a function of test cycles.
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The  thickness of  the hardened layer seems to  increase with 
austempering temperature or, in other words, lower bulk hardness 
as  shown in Fig. 11.  As expected, the surface hardening is higher 
in the samples with a higher austempering temperature. A higher 
austempering temperature will  produce a  higher austenite
con- tent, which is soft  and ductile in nature, reducing the
hardness of the material. Therefore, the samples austempered at
higher tem- peratures undergo plastic deformation deeper into 
the bulk of the sample, resulting in a thicker hardened layer. 
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4.  Conclusions 

One of the main goals of this study has  been to analyse how the 
austenite content of the material affects the tribological behaviour 
at different test cycles. While the frictional behaviour of all samples 
has  been found to be similar, the wear properties have shown 
con- siderable differences. It has  been determined that, at 6000 
cycles, the samples already present RCF damage that has  been
initiated by surface defects introduced by either the machining 
process or adhesive damage during the test. At higher cycles the
damage is greatly accentuated and all the samples exhibit severe 
wear. Since the cracking starts before the rst 6000 cycles, 
prolonged testing causes an  even greater material loss  at
higher test times due to RCF. While the sample austempered at 
250 C has  suf ciently high mechanical properties to withstand
this heavy wear to some extent, higher amounts of austenite 
(higher austempering temperatures) will cause the wear rate to
increase by a factor of two at the longest test time. 
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Abstract

Specially designed steels with carbon contents from 0.6 to 1.0 wt.% were isothermally 
transformed at very low temperatures, between 220 and 270°C, in order to obtain a nano-
structured bainitic microstructure. It is shown that the wear resistance in dry rolling-sliding of 
these nano-structured steels is significantly superior to that of bainitic steels transformed at 
higher temperatures with similar hardness values. In addition to the highly refined 
microstructure, the transformation under strain to martensite (TRIP effect), contributes to the 
plasticity of the nano-scaled steels, increasing surface hardness during testing, thus reducing 
the wear rate. 

Keywords: wear, rolling-sliding, steel, bainite, nanostructured materials. 

1. Introduction 

Development and design of nano-structured bainitic steels, as well as investigation of their 
tensile and toughness properties, has been the goal of a number of recent research studies [1-7].  
These newly developed steels can reach ultimate tensile strengths of 2.5GPa, hardness of 600-
670 HV and fracture toughness values ranging from 30 to 120 MPa.m1/2.By careful design in 
the steel making process it is possible to obtain martensite transformation temperatures as low 
as 125°C . This allows isothermal treatments at very low temperatures. As a consequence, 
extremely fine microstructures (~30 nm lath thickness) are generated. The microstructure 
consists of laths of bainitic ferrite and retained austenite films in between.  The main alloying 
element used is silicon, which added in amounts above 1,5% to the steel, will prevent 
cementite precipitation from austenite and make retained austenite a metastable phase at low 
temperatures. Other alloying elements are added in lower amounts to modify the onset 
temperature for martensite transformation, to refine the austenite grain size and consequently 
accelerate the transformation into bainite and to avoid transformations prior to bainite [8]. 

The aforementioned combination of mechanical properties is interesting from a wear point of 
view. Recently, studies have been made dealing with the sliding wear properties of this novel 
microstructure. Wang et al. [9] have investigated the pure-sliding wear properties. Their main 
findings included an improvement in wear resistance in relation with quenched and tempered 
bearing steel and the formation of ferritic nano-grains in the contact surface. Zhang et al. [10] 



 

obtained nano-structured bainite in the surface of a carburized low-C steel, matching the 
sliding wear performance of 20CrMnTi bearing steel in quench and tempered condition at 
loads of 240MPa. At 965 and1450 MPa the nano-scaled bainitic steel had a lower steady-state 
wear rate. Yang et al. [11] further reported that, for nano-scaled bainitic steels, the wear rate 
decreased proportionally with the tempering temperature when the transformation temperature 
varied between 200 and 260°C. 

The investigation of the wear resistance of nano-scaled bainitic steels in different conditions is 
of great interest, given their potential use in engineering applications. One such case is 
rolling/sliding wear. Studies have been directed towards the investigation of carbide-free 
bainitic steels with isothermal transformation temperatures between 250 and 350°C. The 
results indicate that it is possible to obtain excellent wear performance by producing steel with 
a bainitic ferrite microstructure without carbides.  The first studies by Jin and Clayton [12, 13] 
reported that by obtaining a carbide-free bainitic microstructure, it was possible to match the 
wear properties of the best pearlitic rail steels in dry rolling/sliding conditions. Chang [14] 
reported that the ability to withstand large deformations is of great importance in the superior 
wear resistance exhibited carbide free bainitic steels. This suggests that the TRIP 
(transformation induced plasticity) effect can be beneficial in dry rolling/sliding wear since it is 
known to increase plasticity. Vuorinen et al. [15] found that it was possible to match the 
rolling-sliding wear performance of surface hardened steels by isothermal treatment of high-Si 
commercial steel with a carbide-free bainitic microstructure. Vuorinen et al. [16] and later 
Leiro et. al [17] studied the effect of retained austenite content on the rolling/sliding wear rate 
of high-Si steel with a carbide-free microstructure. It was found that at higher transformation 
temperatures and retained austenite content the wear rate increased.  

In this work steels with carbon contents from 0.6 to 1.0% were austempered between 220 and 
270°C in order to obtain a nano-bainitic microstructure. The wear characteristics of these 
specially designed steels have been studied under rolling/sliding conditions and compared with 
those of conventional steels having similar hardness values. Further, the wear mechanisms and 
surface features of these materials have also been investigated. Explanations are presented as to 
how the microstructural features are of key importance in the observed wear behavior. 

2. Experimental 

2.1 Material 

Table 1 shows the chemical composition of the studied steels and the transformation 
temperatures used for each grade. The alloys contain sufficient C and Si to ensure low 
transformation temperatures and to avoid cementite precipitation from austenite respectively. 
The Cr and Mn content is enough to avoid other phase transformations prior to bainite. The 
design process has been extensively described in [8]. The temperature onset for martensite 
transformation has been determined experimentally by diferential dilatometry. 

In the following sections, the samples are referred to by the alloy abbreviation, followed by the 
transformation temperature in degree Celsius. For example, sample 09C220 refers to alloy 09C 
treated at 220°C. 



 

Table 1. Composition, Ms Temperature, transformation temperature and abbreviation of the tested alloys 

Alloy C Si Mn Cr Ms Temperature 
(°C) 

Transformation 
Temperature (°C) 

(time) 
1C 0.99 1.50 0.76 0.46 130 250 (16h) 

1CSi 0.98 2.90 0.77 0.45 160 250 (16h) 

09C 0.9 1.65 0.79 0.48 160 220 (22h), 250 
(16h), 270 (7h) 

06C 0.68 1.60 1.25 1.50 220 250 (12h) 
100Cr6 1.00 0.3 0.3 1.5 220 250 (1.5h), 300 (1h) 

 
Transformation temperatures were selected in order to produce microstructures with different 
mechanical properties. The transformation times were varied in each case to achieve complete 
transformation into bainite, according to dilatometry analyses. In order to compare the current 
steels, 100Cr6 steel transformed at 250 and 300°C was used as reference material for the wear 
tests. The reference steel presented a lower-bainitic microstructure and contained between 1-
3% of globular carbides. 

2.2 Microstructural analysis 

A Jeol JSM 6460 scanning electron microscope (SEM) was used to investigate the 
microstructures. SEM micrographs were taken both before and after the wear tests to examine 
the microstructure. Prior to the examination, classical metallographic sample preparation was 
performed. Etching was done with 2% Nital for 5-10 seconds. After completion of the wear 
tests, the worn surfaces of test disc specimens were studied by using SEM without disturbing 
the actual surface. Finally, cross-sections of the studied discs were cut in order to study the 
microstructural evolution of the sub-surface region.  

Retained austenite measurements prior to wear tests were carried out using X-ray diffraction 
analysis. An electropolished surface was used in order to avoid any impact of the 
grinding/polishing operations [18]. The average bainite lath thickness was measured on SEM 
micrographs, carrying at least 100 measurements in all cases, and accounting for stereological 
effects [19] 

2.3 Wear tests 

Rolling/sliding tests were done using a UTM 2000 twin-disc machine. The specimens were 
cylindrical discs of 45 mm diameter and 10 mm thickness. The resulting contact geometry is, 
therefore, a line contact. The maximum Hertzian contact pressure was 1400 MPa 
(approximately) at the beginning of the test since the full width of the sample was not in 
contact, mainly due to misalignment and geometric/dimensional tolerances. However, the 
contact width increased during the test as a consequence of wear, and the contact pressure 
decreased to a value of approximately 400 MPa once the full contact was established. The 
material pairs were self-mated and tested in ambient conditions (25 °C, 23% humidity) without 
lubrication. The samples were tested for a total duration of five hours, the rotational speed was 
approximately 100 rpm and the slip was kept at 5% in all tests. Further details of the testing 
procedure can be found in [17].  



 

3. Results 

3.1 Microstructure 

Figure 1 presents a micrograph of the observed microstructures for sample 09C transformed at 
220 and 250°C. The materials exhibited bainitic microstructures consisting of ferrite laths 
separated by thin films of retained austenite. The laths were nano-scaled, with an average 
bainite lath thickness between 32 and 60 nm. 

    
Figure 1. Typical microstructure as observed in a scanning electron microscope (SEM) a) 09C 220 and b) 

09C 250 

In Table 2 the lath thickness and austenite content for all alloys are presented. As expected [20] 
lath thickness does not change significantly between the 1C and 09C samples, since carbon 
content is of utmost importance for bainite lath thickness. As can be seen for sample 06C the 
lath thickness increased considerably. The retained austenite content was highest in the alloy 
with 1%C and 2.9% Si and lowest in the 06C 250 alloy. Temperature did not affect the retained 
austenite content in the three 09C samples. This is because the transformation times were 
changed in order to achieve full transformation. 

 

Table 2. Microstructural parameters and mechanical properties of studied alloys. 

Alloy
Bainite lath 
thickness 

(nm) 

Retained 
Austenite Fraction 

(%) 

Hardnes
s

(HV0.5) 
1C 250 38 20 660 

1CSi 250 39 33 630 
09C 220 32 22 693 
09C 250 38 18 640 
09C 270 36 24 621 
06C 250 60 12 589 

100Cr6 250 - - 712 

3.2 Wear 

In Figure 2, the rolling-sliding specific wear rates are presented. The specific wear rate is an 
expression of the volume loss divided by the load and sliding distance. The volume loss was 



 

calculated from the sum of the mass loss of both discs involved in the test, i.e. the wear rate of 
the tribo-pair. For comparison, results previously published by Leiro et al. [17] on carbide-free 
bainitic steels (60SiCr7spring- steel austempered at 250 and 300oC respectively) have been 
included in the plot. These results were obtained under identical conditions as in the current 
tests. The nano-structured steels show considerably higher wear resistance in comparison to the 
reference steels. The wear rates of the nano-structured steels are approximately half of that of 
the reference steels at 600 HV.  

 
Figure 2. Specific wear rate vs. hardness plot of studied alloys and data from Leiro et al.  

[17] of tests done at the same conditions for other carbide-free bainitic steels. 

3.3 Worn Surface Observations 

In order to identify the wear mechanisms, SEM observations of the worn surfaces and of the 
cross-section of selected samples were done. In Figure 3, SEM images of the worn surfaces of 
samples 1CSi250 and 100Cr6 250 are shown. The main types of damage observed are surface 
cracking, indentations and accumulation of oxidized wear debris. 

  
Figure 3. Worn surface SEM micrographs of steels tested under dry rolling/sliding. Notice surface 

cracking, indentation and agglomeration of debris in the surface. The upwards arrows indicate the sliding 
direction.

The indentation depths are not the same in all samples as can be observed when comparing 
Figure 3 (a) and (b). These indentations can be caused by two different mechanisms. They can 
be the result of flakes of material that were removed from the surface. It is also possible that 



 

wear debris accumulated in the surface agglomerated in such a way that when it came into the 
contact, it caused plastic deformation of the surface as has been observed previously [17]. 

3.4 Analysis of disc cross-sections 

In Figure 4, micrographs of sections through disc specimens 09C220 and 1CSi250 are 
presented. The porosity observed is a result of the manufacturing process. In this study, the disc 
specimens used were manufactured from “experimental casts” in which the plastic deformation 
of the casting during the steel making process was limited. Therefore, porosity could not be 
completely removed. The micrographs present the typical damage modes observed in all the 
disc test specimens. These include deformation of the microstructure in the direction of sliding 
and delamination or “flaking”. As can be observed in Figure 4, the deformed microstructure is 
oriented in the direction of sliding which has also been previously observed for pearlitic rail 
steels. In the case of pearlitic steels, the alignment and refinement of the cementite plates, 
along with the deformation of the surface are considered to be a reason for their successful 
performance in rolling-sliding wear [21]. In carbide-free steels there is no cementite, however, 
there is high-carbon retained austenite, which can transform to martensite under strain. This 
transformation, in addition to the deformation hardening, causes the hardness to increase 
considerably at the contact surface, as has been reported in the past by Leiro et al. [17]. 

   
Figure 4. Longitudinal section micrographs showing surface delamination and orientation of the 

microstructure with the sliding direction. Etched with nital 2%, 5 seconds. The white arrows indicate the 
direction of sliding. 

4. Discussion 

Due to the slip at which the tests were performed (5%), the high adhesive forces present are 
responsible for the generation of wear debris at the beginning of the tests. The debris gets 
oxidized due to frictional heating and can be entrapped into the contact. It can also be 
embedded and/or cause indentation of disc surfaces. The presence of oxidized wear debris can 
also lead to some abrading action. However, the contact area is very small (line contact) and 
large abrasion marks cannot be generated.  

 The surface cracks observed in Figure 3 were identified as delaminating flakes in the disc 
cross-sections (Figure 4), and this is in accordance with previous findings [17]. This damage 
mechanism has been observed in all the studied specimens and, according to the worn surface 



 

observations (Figure 3), it appears to be the main mechanism of material removal in all cases, 
including the reference steel (100Cr6). Delamination is caused by rolling contact fatigue 
(RCF). Cracks that grow due to RCF, will either nucleate at the surface or below the surface 
depending on the friction levels. Once a crack is nucleated at the surface, it will tend to grow 
into the bulk of the material initially, afterwards parallel to the surface and finally back towards 
the surface until the whole flake is removed [22]. 

Adhesive forces play an important role under the current conditions. While no adhesive 
damage was observed by the SEM study of the worn surfaces, the friction levels ranged 
between 0.55 and 0.65. This suggests that significant adhesive forces exist in the contact. In 
addition, the deformed microstructure observed in Figure 4 is direct evidence of the presence 
of high adhesion in the contact. In Figure 5 (a), a crack growing from the base of a deformed 
asperity can be seen, indicating that sliding aids in the crack nucleation process. Furthermore, 
once cracks have grown to a certain extent, the sliding forces can generate secondary cracking 
at the base of the delaminating flake (Figure 5 (b)), accelerating material removal. The 
orientation of the bainitic laths in the direction of sliding also creates preferential paths at the 
lath interfaces for the RCF cracks to grow along.  Therefore, even though RCF is the main 
mechanism of crack growth, an important effect of sliding forces is clearly present in the 
studied samples. It is important to note that the hardness of the material is very important in 
resisting the action of sliding forces. Therefore, it is understandable that samples exhibit lower 
wear rates as the hardness increases (Figure 2). 

   

Figure 5. Cross section micrographs of  09C 270 showing a) early and b) late flaking.  

Among the 09C grade steel, it was observed (Figure 3) that the hardness increased and the 
wear rate decreased with lowering of the transformation temperature. However, all three 09C 
grades (220, 250 and 270) present similar amount of retained austenite and bainite lath 
thickness. Therefore, the observed change in hardness can be attributed to the dislocation 
density, which has been shown to increase in nanostructured steels with lowering the 
transformation temperature [23]. A higher amount of dislocations will further resist plastic 
deformation, increasing tensile strength and hardness.  

The toughness of the material or how much deformation the material can withstand without 
breaking is another key property in wear.  This will determine how easily asperities being 



 

deformed in the contact can break. Yang et al. [10] reported that nearly all the retained 
austenite in the worn surface of nano-structured bainitic steel subjected to sliding wear will 
transform into martensite. This shows that the TRIP effect is present during deformation under 
sliding wear for this type of steel. The TRIP effect can be beneficial since it can increase the 
ductility of the steel [24]. This will in turn increase toughness, and also wear resistance. An 
example of the effect of retained austenite on the wear properties can be seen when comparing 
samples 1C250 and 1CSi250. Even though the hardness of sample 1CSi250 is slightly lower, 
due to a higher amount of retained austenite, its average wear rate is 20% lower (Figure 3). 
Since the transformation temperature and average bainite lath thickness is similar in both 
samples (Table 2), the observed wear behavior can be attributed to the higher retained austenite 
content, and higher plasticity exhibited by the 1CSi250 sample. 

Sample 06C250 presented considerably lower hardness than the other steels. However, its wear 
rate was of the same magnitude as 1C and 09C grades transformed above 250°C. Despite 
having the lowest retained austenite content, this sample has lower hardness than all other 
samples, which is expected due to its lower carbon content. A lower amount of carbon means 
that the steel can present higher ductility and toughness and lower hardness. Figure 6 presents 
the specific wear rate of the studied alloys as a function of surface hardness after wear. As can 
be seen, the trend is that at higher final surface hardness, the wear rate is lower, which is in 
accordance with previous discussions. This is further evidence that higher toughness and 
hardening during wear can also contribute to decreasing wear in nano-bainitic steels. 

Figure 6 Specific wear rate as a function of final surface hardness for the studied alloys 

It could be seen in Figure 3 that the results present considerable scatter in some cases. Wear 
can introduce local heating, chemical reactions and other unforeseeable changes in the contact 
surface. In addition, the deformed material is often not removed from the surface after one 
cycle, and its mechanical properties undergo changes during subsequent cycles. All these 
factors can account for the scatter observed in the wear results. 

Since hardness affects the stress needed to deform the asperities in the contact, it is a 
determining factor in decreasing wear. The hardening ability of the material is equally 
important, since it will affect the final hardness the surface can achieve during wear. Part of the 
hardening will be achieved by deformation. The transformation of retained austenite into 
martensite under strain will also be responsible for a certain amount of hardening. As can be 



 

seen in Figure 6 as the hardness decreases, the wear rate of the nano-scaled alloys seems to 
reach a constant value. This shows that not only hardening is affecting wear. Other important 
factors can include toughness, or the amount of deformation the material can withstand before 
fracture. In the nano-structured steels with lower initial or final hardness, increased toughness 
is responsible for the wear rate exhibited.  

5. Conclusions 

In this work, steels with carbon contents from 0.6 to 1.0 wt.% were transformed between 220 
and 270°C to produce nano-structured bainite with a lath thickness between 32 and 60 nm.  

These nano-structured steels exhibit significantly lower specific wear rates when compared to 
the reference 100Cr6 with lower bainite microstructure and other conventional carbide-free 
bainitic steels, even at the same hardness levels. At hardness values of approximately 600 HV, 
the wear rate was reduced by half.  

Rolling contact fatigue (RCF) was determined to be the main mechanism of material removal. 
Adhesive forces present an important factor in creating crack initiation sites for RCF cracks. 
The alignment of the microstructure along the sliding direction is also a determining factor in 
the RCF crack growth since it creates preferential paths for cracks to grow along. Adhesion 
will also aid in flake removal. 

Toughness has been shown to improve wear resistance. The TRIP effect can be beneficial 
towards wear if it increases the toughness of the material i.e. if the stability of the retained 
austenite is high. 

Since hardness affects the stress needed to deform the material in the rolling/sliding contact, it 
is a determining factor in decreasing material loss. The hardening ability of the material 
(deformation + transformation) is equally important, since it will affect the final hardness the 
surface can achieve during wear.  
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Fatigue of EN-55Si7 steel with tempered martensitic and carbide-free 
bainitic microstructures 
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55Si7 steel was heat treated to one tempered martensitic and two carbide free-bainitic 
microstructures . Rotating-bending fatigue tests were done in order to evaluate the effect of 
heat treatment on the fatigue behavior at 2.5 million cycles. It was found that, in quenched and 
tempered condition, the endurance limit of 55Si7 steel was similar to that of the same material 
treated isothermally at 350°C. When the transformation temperature was 300°C, the endurance 
limit increased by 25%, despite reducing the yield strength by 10% when compared with the 
quenched and tempered steel. In the isothermally treated steels, a lack of carbides and a crack-
tip blunting effect of high carbon retained austenite are key features for the observed fatigue 
behavior. 

Keywords: Carbide-free bainite, fatigue, TRIP effect, microstructure-property relation. 

1. Introduction 

Isothermal treatment or austempering, is a common process performed on steels. The resulting 
bainitic microstructure has considerable toughness but its properties are still lower than 
quenched and tempered (QT) steels. In the early 1980s the first studies were published showing 
that by adding 1,5% Si to a steel would yield a bainitic microstructure where carbide 
precipitation would be avoided [1, 2]. It was found that the tensile properties of the steel could 
be increased by isothermal heat treating while avoiding the precipitation of carbides [1-6]. This 
carbide-free microstructure was also observed earlier in austempered ductile iron (ADI) and 
was known as “ausferrite”. However, due to abundant presence of graphite nodules, the 
improvement of mechanical strength was not fully appreciated; nevertheless, ADI presented 
outstanding toughness in comparison with other cast irons. 

Of late, studies have been directed towards steels with microstructures consisting of a mix of 
bainitic ferrite and retained austenite. Fine cementite precipitates help increase proof and 
ultimate tensile strength but at the cost of ductility. The suppression of this precipitate 
formation has been shown to increase ductility and toughness without sacrificing much of the 
strength of the steel [7]. It’s important to note that the appearance of large “blocky” regions of 
austenite in bainitic microstructures is not desirable. This austenite is mechanically unstable 
and if subjected to high enough strains, will transform to brittle, untempered martensite 
resulting in a considerable loss of toughness. However, when the austenite appears as a film 
covering the bainitic ferrite sheaves, it has been observed that it requires much higher strains in 
order to transform to martensite [7]. In the latter case, the austenite is mechanically stable and 



 

acts as a dislocation trap, leading to further strengthening of the material without severely 
compromising its toughness. 

A study by Wei et al. [8] shows that the presence of carbide-free bainite (CFB) in duplex steel 
(martensite/CFB) can reduce fatigue crack propagation rates, as well as increase the crack 
growth threshold. The fatigue behaviour of high-Si steels with CFB microstructures has been 
the subject of a few studies [8-11]. At high austempering temperatures (>300°C), the fatigue 
life of carbide-free bainitic steel was comparable to that of commercial AISI 4340 steel [9]. 
Preliminary results on isothermally treated steels with nanoscaled CFB microstructures show 
considerable improvement in their fatigue limit, ranging from 800 to1200 MPa [10, 11].  

In this study, spring steel (55Si7 EN standard) has been subjected to three different heat 
treatments: isothermally transformed at 300 and 350°C respectively and quenched and 
tempered at 460°C. The Si content of the steel (1.65% Si) is enough to prevent cementite 
precipitation from austenite. Tensile and fatigue testing was carried out in order to study the 
effect of each heat treatment on the mechanical properties of the material. SEM fractography 
was used to identify fatigue crack initiation mechanisms, as well as the type of fracture in 
tensile specimens. XRD analyses were done in order to identify the influence of retained 
austenite on the fatigue life of the austempered samples. 

2. Experimental

The test material consisted of 15 mm diameter bars of EN-55Si7 steel. The bars were cut at the 
necessary dimensions for fatigue and tensile tests and the specimens were taken from the center 
of the bars. The specimens were austenitized for 30 minutes at 860°C and then heat treated in 
three conditions: quenched to room temperature and tempered at 460°C (QT from here 
onwards), austempered at 300°C for 1 hour and austempered at 350°C for 1 hour (named A1 
and A2 respectively). After the heat treatments, samples were machined to the final 
dimensions, shown in Figure 1. Surface roughness at the center groove of the sample was kept 
under 0.4 μm.  

The rotating-bending machine used was an “in-house” model based on a three point bend 
arrangement, as shown in Figure 1. The motor was kept at a constant speed of 3000 rpm and 
the load was applied by means of a load-cell coupled to a spring which in turn was attached to 
a spherical bearing. Load, speed and revolutions were controlled by means of data acquisition 
software. The software included a failsafe which shut down the driving motor on test 
completion (either by failure or run-out). Staircase testing [12] was used in order to determine 
the endurance limit (Rfat) (50%). This was obtained from testing 20 samples for each heat 
treatment studied. The chosen cycle limit before a sample was considered a “run-out” was 2.5 
million cycles.  

The tensile tests were done according to EN standard 10002-1. The yield strength and ductility 
were calculated as an average of three tests. For the sample A1, the fracture during tensile 
testing occurred outside the length measured by the extensometer in all three samples. 
Therefore, the ductility has been expressed by means of the area reduction coefficient (Z) 
which is the relation between the reduction in area and the initial cross sectional area. 



 

 

 
Figure 1. Rotating-bending fatigue setup and sample dimensions

A Jeol JSM 6460 scanning electron microscope was used to investigate the microstructures. 
Bainitic lath thickness was taken as an average of ten (10) measurements. Prior to the 
examination, metallographic sample preparation was performed by grinding with SiC paper 
down to a 1200 grit, gradually polishing down to 0.25 μm diamond paste, followed by final 
polishing with a colloidal silica suspension. The etching was done with 2% Nital solution for 
5-10 seconds. SEM fractographs were taken directly in the fracture surface of the fatigue 
specimens in order to identify the fatigue crack initiation, as well as the type of final fracture. 
The fracture surfaces were sprayed with acetone and then blown with compressed air to 
remove contaminating particles. 

The X-ray diffraction analysis was performed using a Philips X’pert MRD X-ray 
diffractometer with monochromatic CuK radiation with 40 kV and 45mA. The scanning speed 
used was 0.74°/min in 2 . The volume fraction of ferrite (X ) and austenite (X ) were 
determined by the direct comparison method using the integrated intensities of the {1 1 0}, {2 
0 0} and {2 1 1} planes of ferrite and the {1 1 1}, {2 0 0} and {2 2 0} planes of austenite. 
Since the retained austenite in the samples can transform into martensite under stress, XRD 
analyses were carried out on polished samples. Final polishing was done with colloidal silica 
slurry with a grain size of 0.05 μm; which is fine enough to produce an undeformed surface. 

3. Results

Figure 2 shows the microstructures obtained for 55Si7 steel for the three different heat 
treatments. As can be seen, the QT sample had a tempered martensitic microstrucuture. 
Samples A1 and A2 presented a carbide free bainitic microstructure. As expected, sample A2 
had a coarser microstructure than A1 due to its higher transformation temperature. In view of 
this it is expected that the tensile properties of sample A2 will be lower than those of A1.  

The main difference among QT and the austempered samples lies in its microconstituents. The 
QT sample consists of tempered martensite which is a mixture of ferrite and fine cementite 
(Fe3C) precipitates. The A1 and A2 samples consist of fine bainitic ferrite laths with retained 
austenite as films or blocks. This implies that precipitation hardening is a mechanism present in 
the QT sample but not in the austempered ones. However, the deformation of metastable 
retained austenite can cause its transformation to martensite which simultaneously increases 



 

ductility and mechanical strength. This is known as the transformation induced plasticity 
(TRIP) effect. 

 

  
Figure 2. Microstructures of 55Si7 steel at a) austempered at 300°C (A1) b) austempered at 350°C 

(A2) c) Quenched and tempered at 460°C

In Table 1 the retained austenite content ( ) obtained from the XRD analyses of the 
austempered samples is shown. As the austempering temperature increases, so does the 
retained austenite content. This is in accordance with previous findings for 60Si7spring steel 
[13, 14]. The QT sample had no retained austenite. In this table the average sub-unit thickness 
has also been presented. These values represent the lath thickness of bainite (in the 
austempered samples) and the tempered martensite sub-unit thickness (in the QT sample). 

The tensile and fatigue properties obtained for the three heat treatments are shown in Table 1. 
As can be seen, quenching and tempering gives a higher yield and ultimate tensile strength 
since the tempering was done at 460°C. As expected [2], ductility was higher in the 
austempered samples. It was also possible to see the effect of the austempering temperature on 
the tensile properties of the steel. At higher temperatures, the tensile strength of the material is 
reduced and its ductility slightly improved. 



 

Table 1. Summary of microstructural parameters and mechanical properties (engineering units) for the studied 
samples 

Sample 
sub-unit 

thickness 
(μm) 

(
%v) 

Hardness 

(HV0,5) 
Rp0.2 (MPa) Rm (MPa) Z(%) Rfat 

(50%) 
Rfat(50%) 

/Rm 

QT 0,63 ± 0,29 - 462 1530 1640 34 770 0.47 

A1 0,40 ± 0,18 19 532 1370 1550 43 980 0.63 

A2 0,65 ± 0,21 31 415 1150 1290 44 750 0.58 

 

Figure 3 shows the results obtained from the rotating-bending fatigue tests for all heat 
treatments. Both the QT and the A2 samples present similar failure stresses. However, the A1 
sample has a considerably higher failure stress at the current test conditions. It is important to 
note that there was considerable scatter in the results, especially for the QT and A2 specimens. 
Since the test material was in the form of 15mm bars, the samples had to be machined in the 
middle of the bar. Since the center of the bars is the last part to solidify during continuous 
casting, impurities tend to be segregated there. This implies that the notch where the maximum 
fatigue stresses were acting had increased inclusion content.  It is possible to see a clear 
improvement in the fatigue properties of the 55Si7 steel when austempered at 300°C (A1). In 
figure 5 the endurance limit (50%) for all three heat treatments is presented. 

 

 
Figure 3. Compilation of fatigue results for all heat treatments. Initiation sites for fatigue cracks have been identified by 

SEM fractography. 



 

Figures 4 through 6 show fractographs taken from the surface of the specimens tested under 
rotating bending fatigue. In Figure 6 an initiation site at the surface or just below the surface 
(the exact start point could not be identified) is shown. The image has been taken from one of 
the QT specimens. Figure 5 shows a fatigue crack initiated at an inclusion, showing a typical 
“fish-eye” pattern. The attached chemical analysis showed that the inclusion contains a 
considerable amount of oxygen and is probably a mix of different metallic oxides. The high 
amount of oxygen and calcium suggests that the inclusion is entrapped slag from the steel 
making process. Figure 6 shows a composite of several fractographs taken at the same 
magnification (30X) over the surface of a fractured specimen austempered at 350°C. As can be 
seen, the fracture surface presents several fatigue crack initiation and growth zones, which is 
different from the fractographs shown in Figures 4 and 5. One of these crack initiation zones is 
presented in Figure 7 with higher magnification. The grooves in the fracture surface are aligned 
radially, perpendicular to the edge of the sample, unlike in Figure 4 and 5, where grooves 
radiate from a single point. This is evidence that, in this particular case, fracture has initiated at 
multiple points along the sample surface. 

 

 
Figure 4. Fractograph of a fractured fatigue specimen of 55Si7 steel QT grade 

  
Figure 5. Fractograph of a fractured fatigue specimen of 55Si7 Steel austempered at 300°C and corresponding single 

point EDX quantification on top of the observed inclusion 



 

A short study of the final fracture in the fatigue samples showed that, in every case, there was 
ductile fracture as identified by the presence of dimples. Nevertheless, a certain amount of 
cleavage was observed in both QT and A1 specimens. 

 
Figure 6. Fractograph of a fractured fatigue specimen of 55Si7 Steel austempered at 350°C showing multiple initiation 

zones 

 

 
Figure 7. Fractograph of a fractured fatigue specimen of 55Si7 Steel austempered at 350°C. Detail of crack initiation 

zone, notice multiple initiation sites and radial grooves. 

4. Discussion 

As could be observed in Table 1, the tensile strength of quenched and tempered 55Si7 steel is 
higher than for any of both austempering heat treatments done. However, austempering at any 
of those temperatures results in high strength steels (Rm > 1250 MPa). As was stated 
previously, the values obtained for the endurance limit were evaluated for a maximum life of 
2.5 million cycles. This means that the limit can seem high when compared to regular 107 



 

cycles fatigue tests. In this case the limit was chosen in order to remain in the high-cycle region 
while still being able to have reasonable testing times and a valuable mean of comparing the 
fatigue life of regular quenched and tempered 55Si7 steel with the two austempering heat 
treatments selected. 

While strength in QT steels is aided by precipitation hardening, in carbide free-bainitic steels 
strength comes mainly from grain refinement (sub-micrometric bainitic ferrite lath thickness) 
and the deformation and transformation of high-carbon retained austenite [7]. When QT steel is 
subjected to cyclic stresses, the carbides provide preferential sites for crack nucleation since 
stresses concentrated at these precipitates. Just by avoiding the presence of these precipitates 
the initiation of cracks can be delayed. 

When the Rfat(50%)/Rm ratio is analysed (Table 1), it’s possible to see an increment of 15% in 
the A1 and A2 samples. Fatigue has been related with Rm and it is widely accepted that, in the 
high-cycle regime, higher tensile strength corresponds with higher fatigue limit. However, it is 
seen that this ratio is higher in the austempered samples. This implies that the microstructures 
behave differently in fatigue. 

The retained austenite present in these austempered carbide-free steels transforms to martensite 
under stress, i.e. they are TRIP assisted. The TRIP effect has been linked to beneficial effects 
in fatigue. For instance, if cyclic loading causes a transformation of austenite into martensite, 
microcrack propagation can be delayed [15]. Another beneficial effect can be crack tip closure 
due to the volumetric change when the transformation of austenite into martensite occurs at the 
plastic zone ahead of the crack tip [16]. Furthermore, if the austenite is sufficiently stable (high 
carbon concentration), a crack tip blunting effect which reduces stress concentration at the tip 
can occur. These aspects can all be responsible for retarding fatigue crack growth. In view of 
this, the presence of stabile retained austenite is thought to be the main reason for the 
improvement of the fatigue properties observed for sample A1.  

Austenite is also present in the A2 sample. However, it is important to remember that fatigue 
life is also dependent on the tensile properties of the material which can account for the 
decrease in the endurance limit. Furthermore, it has been shown that the carbon content, and 
therefore the stability of retained austenite, increases as the austempering temperature 
decreases. Chen et al. [17] have studied the cracking behavior in tension of notched samples, 
showing that, in carbide-free bainitic microstructures, cracks can grow through austenite/ferrite 
interfaces, perpendicular to ferritic laths or through blocky austenite. In the case of fatigue 
crack growth under tensile stresses, it can be assumed that cracks can follow similar paths. A 
crack tip approaching a low-carbon austenite region can cause transformation before the tip 
enters the austenite region, i.e. in the monotonic plastic zone. Here the stresses are lower than 
in the cyclic zone. This can have different consequences. As an initial consequence, the 
transformation of austenite into martensite will prevent the tip blunting effect that can occur in 
ductile austenite. Subsequently, the volumetric change resulting from this transformation can 
cause compressive stresses which lead to crack tip closure as was mentioned previously. The 
fact remains that at sufficiently high stresses closure might not occur. If tensile stresses are 
present at the crack tip while inside the martensite, a high stress concentration in a highly 



 

brittle zone of the material will occur. This can cause increased fatigue crack growth rate while 
the crack is growing through the transformed blocky austenite. 

In the current work, hardness measurements (HV0,025) were taken directly in the fracture 
surface of selected fatigue specimens. The indentations were done in the fatigue crack growth 
zone in order to analyze the hardening the samples suffered as the fatigue crack was growing 
through the material. In Figure 8 a comparison between bulk hardness and the surface hardness 
in the fatigue crack growth zone is shown. As can be seen, the A2 sample (austempered at 
350°C) presented the highest hardening followed by the QT and the A1 samples. 

 
Figure 8. Comparison of endurance limit, fatigue growth surface hardness and bulk hardness for 

each heat treatment. 

The differences in hardening between the samples may be a direct consequence of the 
differences in yield strength. Since samples A2 and QT have a lower hardness, work hardening 
can take place at lower stresses. Differences in the amount of hardening exhibited by the 
austempered samples can also be a result of a difference in the hardening mechanism of their 
microconstituents. In Table 1 it could be seen that there is roughly 10% more retained austenite 
in sample A2 than in sample A1. If it is assumed that all the austenite transforms into 
martensite in both samples, then the contribution of martensite towards hardness would be 
lower in sample A1 (due to its lower retained austenite content) resulting in lower hardening 
ability.  

It is interesting to note that the endurance limit and the surface hardness in the fatigue crack 
growth zone follow a similar trend for samples A2 and QT. However, for sample A1 the 
increase in fatigue resistance was much higher than the increase in surface hardening. An 
important question arises: is the retained austenite transforming to martensite during fatigue 
crack growth? There may exist three different scenarios:  

1. None of the austempered samples present transformation of austenite into martensite. 
2. The austenite in sample A2 transforms into martensite but not in sample A1. (the 

opposite scenario is not possible since the mechanical stability of austenite is higher in 
sample A1) 

3. The austenite in samples A1 and A2 transforms into martensite 



 

If the TRIP effect is not present in any of the samples, the hardening may be attributed solely 
to the differences in bulk hardness. In the second case, two different mechanisms may be 
working in samples A1 and A2 respectively. While in sample A1 the possible explanation is 
that the retained austenite in the microstructure is slowing crack growth due to a crack tip 
blunting effect, in sample A2, where the TRIP effect is present, it is possible that the 
volumetric expansion resulting from the transformation of austenite into martensite is leading 
to crack tip closure, thus increasing fatigue life. The latter explanation can be used to describe 
scenario number 3 for both austempered samples. 

Crack propagation accounts for a small part of the failure process in high cycle fatigue. 
Therefore, it can be argued that the presence of retained austenite not only helps delay 
propagation but also the initiation of fatigue cracks. The influence of the TRIP effect on crack 
initiation has not been widely investigated. However, a study by Sugimoto et al. [18], has 
determined that the notch sensitivity of bainitic ferrite TRIP-aided steel is lower than that of 
conventional martensitic steel. The fatigue crack initiation occurs mainly as the result of 
microslip in the maximum stress areas of the components, localized along narrow bands. Such 
slip under cyclic stresses leads to the formation of surface offsets (intrusions and extrusions) 
[19]. These offsets act as stress concentration sites where microcracks will be nucleated 
(similar to the effect of a notch but at lower scale). The stresses at these imperfections will be 
high enough so that any present austenite could transform into martensite. As mentioned 
previously, this transformation of austenite into martensite will create a volume expansion, 
introducing compressive stresses at potential crack initiation sites, which is beneficial towards 
fatigue life [19]. 

5. Conclusions

The results show  that isothermal treatment of high-Si steels to provide carbide-free 
microstructures can be beneficial to fatigue life. Furthermore, the TRIP effect is a mechanism 
that may aid in the delay of fatigue crack initiation and propagation in steels.  

Austempering 55Si7 Steel at 300 and 350°C resulted in lower yield and tensile strength values 
in comparison with the QT treatment where tempering was performed at 460 oC.  

The endurance limit (50%) at 2.5 million cycles were similar in the QT specimens and the 
specimens austempered at 350 oC. In the specimens austempered at 300oC the endurance limit 
was increased approximately 25% in comparison to the QT specimens and the specimens 
austempered at 350 oC. 

The increase in fatigue resistance observed in samples austempered at 300 oC was attributed 
mainly to the TRIP effect which is present in carbide-free bainitic microstructures. 

The calculated Rfat(50%)/Rm ratio for the austempered samples was higher than for the QT 
sample. The presence of retained austenite (and absence of cementite) in the microstructure 
affect the relation between fatigue and tensile strength. 
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