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ABSTRACT 

 
The dry rolling/sliding wear behaviour of Si alloyed carbide free bainitic steel austempered at different 
temperatures and sliding distances has been evaluated. Three different batches of samples were austempered 
in a salt bath maintained at 250, 300 and 350 °C respectively for 1h. Rolling with 5% sliding wear tests were 
performed with each batch of samples for different test cycles, namely 6000, 18000 and 30000 cycles 
respectively, in order to study the wear performance of these specific steels. An in-depth microstructural 
characterization has been carried out before and after the wear tests in order to link the wear behaviour to the 
microstructure of each sample. The wear resistance has been expressed by means of the specific wear 
calculated from the mass loss after the tests. The worn surfaces were analyzed by the scanning electron 
microscopy and X-ray diffraction techniques. Micro-hardness profiles were also obtained to analyze strain-
hardening effects beneath the contact surfaces. The results indicate that the harder material exhibited overall 
lower wear rates for all test cycles studied i.e., the one austempered at 250°C showed superior rolling/sliding 
wear resistance than the rest. It is also interesting to note that the hardness increment and thickness of the 
hardened layer increases with increasing the austempering temperature and number of test cycles. 
Furthermore the results appear to indicate that the initial roughness of the samples has no major effect on the 
outcome of the results. The higher wear performance of the sample austempered at 250°C has been attributed 
to its superior mechanical properties provided by its finer microstructure. It has been evidenced that all 
samples suffer the TRIP phenomenon since, after wear, no retained austenite could be detected by XRD. 
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1. INTRODUCTION 

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 martensite microstructure and a 
considerable content of carbides. On the other 
hand, rail steels, which are subjected to slightly 
lower loads 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 unacceptable. 
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 field 
is somewhat contradictory. While some studies by 
Clayton et al. [ 1] show 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 the microstructures used in the 
tests were not completely homogeneous. 
 
In this study, the tribological behaviour of a 
relatively new microstructure initially developed 
in steels by Bhadheshia and co-workers [ 7], has 
been investigated. The main goal has been to 
provide an increased understanding of the 
tribological performance 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 carbide 
free bainitic microstructure (i.e., a combination of 
ferrite and high carbon austenite) have several 
advantages including high strength, good fatigue 
strength, and high toughness and ductility 
depending upon the transformation temperature 
and time used in their heat treatment [ 8, 9]. 
Therefore, the unusual combination of these 
properties with that of the low costs of the raw 
material and heat treatments compared to 
conventional steels, find their use in wide variety 
of applications such as automotive, rail and heavy 
engineering industries [ 10]. 

2. EXPERIMENTAL 

2.1. Experimental materials 

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 
first austenitized to 820 ºC for 30min and then 
quenched into a salt bath. The salt bath was 
maintained at three different temperatures: 250, 
300 and 350 ºC in order to get the desired 

microstructure with different phase volume 
fractions. 
 

Table 1. Chemical composition of 60SiCr7 steel and 

hardness in normalised conditions 

 
Element Weight % 

C 0.61 
Si 1.72 

Mn 0.75 
Cr 0.35 
Ni 0.12 
Mo 0.04 

Hardness (HV 0.3) 265 

 

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 (variable) diameter and 10 mm thickness are 
mounted. The resulting contact geometry is a line 
contact.  
 
Since the samples were used in “as machined” 
conditions, the surface roughness of the discs was 
not constant for all the samples. 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 nominal 
contact pressure was as high as 1420 MPa. 
However, the contact area (and the contact 
pressure) changes throughout the test due to wear.  
 
The material pairs were self mated and tested at 
room conditions (25°C 23% humidity) without 
lubrication. The rolling/sliding tests were 
performed at 100rpm speed with 300N load and a 
5% slip ratio. The contact load and the friction 
coefficient can be monitored continuously during 
the test. This has been an exploratory study and no 
specific application has been simulated. The main 
goal has been to study the tribological behaviour 
of these new microstructures. Previous studies 
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, 18000 & 30000 respectively, using a 
new set of samples for each run. Two parallel tests 
were done for the samples austempered at 250 and 
300 ºC at 18000 cycles to verify reproducibility. A 
deviation of around 20% for the 250 samples and 
around 0.05% for the 300 samples was obtained. 
 
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 
profiler. After the completion of each test, the disc 
specimens were subjected to the same cleaning, 
weighing and surface characterization techniques 
mentioned previously. Two parallel tests were 
done for the samples austempered at 250 and 300 
ºC at 18000 cycles to verify reproducibility. 

2.3. Microhardness tests 

The “as heat treated” Vickers hardness values 
were obtained from the mean of at least five 
suitably spaced hardness impressions using a load 
of 300 g. The surface and sub-surface hardness 
measurements were made with a 100g load. The 
measurements were made at five different places 
on the worn surface and the mean was calculated. 
The sub-surface microhardness tests have been 
performed on all the test samples up to a depth of 
320µm 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 images 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. 

2.5. XRD 

The X-ray diffraction analysis was performed 
using a Philips X´pert MRD X-ray diffractometre 
with monochromatic CuKα radiation with 40kV 
and 45mA. The scanning speed used was 
0.74º/min in 2 theta. The volume fraction of ferrite 
(Xα) and austenite (Xγ) were determined by the 
direct comparison method [ 13] using the 
integrated intensities of the {110}, {200} and 
{211} planes of ferrite and the {111}, {220} and 
{220} 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 
250ºC is shown in Figure 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 Figure 1 that the austempering 
treatment done on the samples has yielded the 
expected ausferritic microstructure: ferrite laths 
surrounded by retained austenite films in between. 
The same type of microstructure for these steels 
has been obtained in previous works under similar 
austempering treatments [ 12]. Qualitatively, it 
could also be observed that the microstructure is 
finer at lower austempering 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. 

3.2. Micro-hardness 

The measured hardness has been observed to be 
627 HV, 530 HV and 410 HV for 250, 300 and 
350 ºC respectively. In Figure 2, it can be seen 
that  the hardness of  the  material  decreases  with 



 
Figure 1.Microstructure of sample austempered at 250ºC 
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Figure 2. Microhardness as function of austempering 

temperature 

 
 
increasing the austempering temperature, which 
could be a consequence of the increased amount 
of the soft and ductile phase, the retained 
austenite, as has been observed in previous 
research [ 14]. 
 

3.3. XRD measurements 

The amount of austenite and ferrite present in the 
steels has been analysed using XRD. The XRD 
patterns obtained for the sample heat treated at 
250°C, prior to testing, is presented in Figure 9, in 
order to compare it with the XRD pattern of the 
same sample after wear. 
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Figure 3. Phase percentage calculated from XRD 

measurements at different austempering temperatures 

 
 
Similarly to the sample austempered at 250°C, all 
the other specimens contained a mixture of ferrite 
and austenite. Moreover, the diffraction patterns 
don’t show the presence of carbides. 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. As was mentioned 
above the austenite content in each of the samples 
before and after wear has been calculated from the 
XRD measurements. In Figure 3, the phase 
percentage calculated from the XRD patterns at 
various austempering temperatures can be seen. It 
is clear that there is an increase in the amount of 
austenite as the austempering temperature 
increases. This is due to the fact that, at lower 
austempering temperatures, there is greater super-
cooling and consequently, more ferrite is 
nucleated. Therefore, the ferrite content is higher 
at lower austempering temperatures and decreases 
as the austempering temperature increases [ 15]. 

3.4. Worn and unworn surfaces 

The 3d topographies were measured before and 
after the investigation of the rolling/sliding wear 
behaviour of the test specimens. From these 
measurements, the average surface roughness (Ra) 
was obtained and is presented in Table 2. It is 
evident that the samples’ surface roughness has 
increased after the rolling/sliding tests. It is also 
remarkable that the surface roughness shows an 



increasing trend with increased test cycles. This is 
probably a consequence of a higher material 
removal as result of severe wear. Another 
interesting fact is that, the considerable variations 
in the initial roughness have little effect on the 
final surface roughness of the samples, also 
possibly due to the severe wear that the specimens 
are subjected to. Both the increase of roughness 
with 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 roughness plays an important role in the 
running in behaviour (as will be explained further 
in section 3.5), after long periods of time, the 
initial asperities have been worn to similar 
heights. Therefore, the mechanisms 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. 
 
3.5 Friction coefficient 
 
The tribological studies performed on 60SiCr7 
steel austempered at 250 ºC, 300 ºC and 350 ºC 
have shown that the friction coefficient is time 
dependent. The observed trend is that the average 
friction coefficient decreases with increased 
number of test cycles as shown in Figure 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 duration of the running-in process seems to be 
determined by the initial surface roughness of the 
mating materials. Apparently, a higher initial 
surface roughness results in a higher running-in 
period, this is logical since larger asperities will 
usually take longer to be worn off. This can be 
correlated to the frictional behaviour of the 
specimens austempered at 350 ºC run for 3h and 
1h. These two samples presented a higher initial 
roughness than the rest of the samples, therefore 

presenting a higher running in time (See Table 2). 
It could seem peculiar that, when the samples’ 
roughness increases, the friction coefficient 
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 friction coefficient. However, it is 
necessary to stress the fact that the orientation of 
the roughness might affect the friction behaviour. 
When the samples are in “as machined” 
conditions, the roughness has a clearly defined 
texture. Clearly, with this texture, the samples 
exhibit a low friction coefficient (Figure 4), run in 
stage); nonetheless, as the texture obtained in 
machining is worn off, the samples start to show 
an increased surface roughness with a completely 
different texture (See Figure 6).  
 
The friction coefficient 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 
before the discs are running with a considerable 
amount of slip (5%), therefore, the surfaces are in 
a constant relative movement. This relative 
movement causes the contacting 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 in the contact, which is later 
oxidized into hard particles, is pressed into the 
rolling-sliding contact constantly during the test. 
These hard particles, if embedded into one of the 
surfaces, could cause ploughing into the counter 
surface, therefore causing irregularities in the 
friction coefficient.  
 
The overall average coefficient of friction has 
been calculated for the “steady state” and lies 
within 0.55 and 0.58 for all the test pairs.  

3.6 Wear rate  

The specific wear rates calculated from the mass 
loss of each sample and the sliding distance are 
presented in Figure 5. 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. Therefore, the 
main parameters affecting the wear rate are the 
area of contact, test cycles and initial hardness of 
the material. From Figure 5, it is found that the 
specific 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 (1h)  the contact width is 
about 4.92 mm while after 30000 (5h)  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 
susceptible to sliding wear as they are at the 
higher contact pressures. However, since now the 
width of the contact has increased, a larger area of 
the sample is subjected to rolling contact fatigue 
(hereby referred to as RCF), which can occur even 
at these lower stresses, causing a higher material 
loss than at lower cycles, where the contact width 
length was smaller.  
 

 

Table 2. Surface roughness variation with test cycles 

 

 
Ra (µm)  

6000 test cycles 
Ra (µm)  

18000 test cycles 
Ra (µm)  

30000 test cycles 

Austempering 
temperature (ºC) 

Before wear After wear Before wear After wear Before wear After wear 

250 0.2 2.0 0.3 2.2 0.2 3.0 

300 0.2 2.1 0.2 3. 0 0.2 3.0 

350 0.5 2.3 0.5 2.6 0.2 3.7 
 

 
Figure 4. Friction coefficient as a function of time for different test specimens austempered at different temperatures. 
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Figure 5. Specific wear rate obtained at different 
number of test cycles 

 

This statement also implies that the steels in 
question are more susceptible to RCF wear than 
to sliding wear; however, more research is needed 
in order to verify this hypothesis. 
 
An interesting behaviour of the sample 
austempered at 300ºC is observed in Figure 5. 
The wear rate is higher than the other samples 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 
1h), the contact width is higher for the samples 
austempered at 300ºC compared to samples 
austempered at 350ºC and 250ºC which present 
the same contact width. This difference may 
account for the higher wear rate observed in the 
sample austempered at 300°C. Finally, the 
specimen austempered at the lowest temperature 
(250 ºC) presented the lowest wear rate. 

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 examined 
in Figure 6. In addition, there is the presence of 
some sort of “indentation marks” on the surface.  

 
Figure 6. SEM  image of the worn surface of the 

specimen austempered at 250 ºC after 6000 cycles.  
 

 Wear direction 

 
Figure 7. SEM image in BES mode of surface and sub-

surface cracks observed for the specimen austempered  

at 300 °C after 18000 cycles 
 
 

Two possible explanations for this type of 
damage are presented. The first explanation is 
that these “indents” are the result of the 
delamination of the material due effect of RCF 
(Figure 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 
(Figure 8). Adhesive 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 of the surface 
asperities that takes place due to adhesion, results  
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Figure 8. Oxidized wear debris agglomerated on top of 

the deformed surface. Sample austempered at 350 °C 

and tested for 30000 cycles 

 
 
 
in the creation of crack nucleation sites in the 
surface. This can be observed in the cross section 
cracks presented in Figure 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 
oxidized 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 shearing 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 surface. 
As seen in Figure 7, surface and subsurface 
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. 
This phenomenon has been observed in all test 
specimens. However, it is qualitatively observed 
that the large crack formation and large material 
break away increases as the number of test cycles 
is higher, which agrees with the wear rate results 
presented. 

Another of the mechanisms mentioned includes 
the accumulation of oxidized wear debris which 
was mainly responsible for the indentation 
damage that was showed in Figure 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 the plastic 
deformation of the surface, as can be observed in 
Figure 8. EDX spectra were taken in the marked 
areas showing a high presence of oxygen and iron 
and traces of carbon, manganese and silicon. This 
is evidence that the wear debris produced is 
oxidized during the tests. 
 

It can also be interesting to note in Figure 7 and 
Figure 8, that the microstructure is much finer 
near the contact surface than in the bulk. As can 
be seen, this region has suffered heavy plastic 
deformation 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]. 
 

3.8. XRD analyses after wear 

By means of the XRD technique mentioned 
previously, the worn disc surfaces have been 
analysed in order to study the phase 
transformations that could have taken place 
during wear. The results presented in Figure 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 hour of testing (6000 cycles). 
No austenite could be observed in any of the 
other 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 transformation 
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 ductile 
retained austenite into martensite. The effect of 
the amount of retained austenite in wear has been 
studied in the past by Vuorinen et al. [12] and, as 
has been shown in the current study, a higher  



 
Figure 9. XRD patterns before and after 1 hour of 

testing for the sample austempered at 250ºC 
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Figure 10.Hardness profile for the sample austempered 

at 250ºC 
 

austenite content in the steel appears to be 
detrimental for the wear performance of these 
materials. 

3.9. Microhardness profiles 

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 profiles are shown in Figure 10 
forthe specimen austempered at 250°C. In all 
cases there is a significant hardening at the 
surface and sub-surface regions present up to a 
certain depth. It is likely that this is because of  
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Figure 11.Depth of the deformed layer as a function of 

test cycles 

 
 
 
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 amount of hardening 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 analyses 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. 
 
Figure 11 reveals that the thickness of the 
hardened layer seems to increase with 
austempering temperature or, in other words, 
lower bulk hardness. As expected, the surface 
hardening is higher in the samples with a higher 
austempering temperature. A higher 
austempering temperature will produce a higher 
austenite content, which is soft and ductile in 
nature, reducing the hardness of the material. 
Therefore, the samples austempered at higher 
temperatures 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 different austempering 
temperatures affect 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 
considerable 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 and 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 first 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 sufficiently 
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 times. 
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