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Abstract

The reciprocating sliding wear behaviour of high-silicon bainitic steels has been studied on
microstructures obtained from two alloys containing 0.3 and 1.0 wt.% C, which were
isothermally transformed between 200 and 425 °C. Results show an order of magnitude
improvement in the wear resistance of the nano-scaled bainitic structures with respect to the
ultra-fine with similar hardness values. The scale of the microstructure and the level of retained
austenite determine the wear mechanism and eventually, the wear rate.
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1. Introduction

The Nano Era has strongly flooded current research in materials engineering, and leading
institutions and companies are hunting the benefits that the nano-scale provides. In steel
industry, the term "ultra-fine" is generally used to describe materials with average grain sizes
between 1 and 2m, and the term "submicron" (submicrometre) is used to refer to grain sizes
between 100 and 1000 nm. The term "nanostructured" remains for those materials with a grain
size lower than 100 nm.

Nanostructured bainite has been gaining considerable attention in recent years due to the
extraordinary mechanical properties that can be achieved in a structure produced solely by
isothermal holding after austenitization. Although quite a lot of work can be found in the
literature devoted to the elementary mechanical properties of nanostructured bainite [1-5], there
is still a long way to go before engineering the optimum nanostructures according the
requirements for each in-use case, including wear resistance.

Earlier work on the potential of carbide-free bainite for wear applications [6-8] has been mainly
focused on rails, showing excellent results on medium-carbon high-silicon steels under rolling-
sliding wear conditions. The low wear rates achieved are attributed to the absence of carbides,
the ability of the microstructures to tolerate a large degree of plastic strain and the mechanically
induced martensitic transformation of retained austenite. The design of low-temperature
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nanostructured bainitic steels would in principlsutein exactly that direction of improvement,
and they are therefore expected to lead to excellent wear resistance.

Former research on wear resistance of nanostructured bainite has been as well mainly focused in
rolling-sliding wear [9-11], revealing that nanostructured 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. Since
hardness affects the stress needed to deform the material in the rolling/sliding contact, it is a
paramount factor in decreasing material loss. Retained austenite provides hardening by
transformation into martensite, so it is considered to be decisive for improving wear resistance.
There have been a few timid forward steps among rolling contact fatigue [12, 13], dry sliding
wear [14-16] and abrasive wear [17] of nanostructured bainite, with promising results.

The present work evaluates the reciprocating-sliding wear behaviour, not yet reported for high-
silicon bainitic steels, in both ultra-fine carbide-free bainite and nanostructured bainite as
compared to conventional pearlitic and quenched and tempered microstructures.

Reciprocating-sliding wear conditions selected for this work are similar to those withstood in
opto-mechanical applications that require motion, such as focus adjustments and zooms. Here,
wear resistance becomes important since it influences the stability and repeatability in the
kinematic system [1]. The use of lubricants is normally restricted in these applications to avoid
problems related to the migration of the lubricant and the subsequent contamination of the
optical surfaces. Friction is therefore the most important contribution to wear in opto-
mechanical systems. As a rough rule of thumb, friction coefficients and wear are minimized by
using dissimilar materials in contact, as for example, alumina on steel.

2. Experimental
2.1 Material

The chemical compositions of the alloys investigated are 0.30C-1.48Si-2.06Mn-0.43Cr-0.27Mo,
and 0.99C-2.47Si-0.74Mn-0.12Ni-0.97Cr-0.03Mo0-0.17Cu wt. %, encoded as 0.3C and 1.0C,
respectively.

Two steels with different carbon contents transforming to bainite in a wide range of

temperatures were selected to achieve different bainitic structures with dissimilar amount, size
and distribution of phases. The bainite transformation temperature range of the steel, delimited
by the bainite start temperatures)Bnd the martensite start temperaturg)(ié mainly a

consequence of the carbon content [18]. At the same time, the length-scale of the structures is
directly related to the transformation temperature [19], the length-scale decreasing with
decreasing the transformation temperature. By increasing the carbon content of the steel, there is
allowance for lower transformation temperatures associated with finer microstructures.

Thus, 0.3C alloy, with s of 300 °C and 8s of 450 °C, was transformed after austenitization
at 325, 350, 425 and 43C during 30 min in all the cases. Meanwhile 1.0C alloy, withsof

170 °C and &8s of 350 °C, was transformed after austenitization at 200, 250, 300 afi@ 350
during 40, 15, 10 and 8 h, respectively. Austenitisation temperatures selected were 925 °C for
0.3C steel and 950 °C for 1.0C steel to ensure carbide dissolution during reheating of the as-
received microstructure of the steels. Samples have been encod¥y agherex is the carbon
content of the alloy angis the transformation temperature.



Heat treatments were performed in the furnace dfdamel Lhomargy LKO2 high resolution
dilatometer on samples of 15 mm x 10 mm x 5 mm. Each sample was heated by radiation to the
austenitization temperature for 15 min and subsequently cooled down to the isothermal
temperature at a cooling rate of 50 °C/s, the whole process being carried out in vacuum. Finally
samples were helium quenched to room temperature.

In addition, other three conventional structures were produced from 1.0C heat, namely one
pearlitic structure continuously cooled at 1.5 °C/s, 1.0C/PER, and two samples tempered at 400
and 500 °C after quenching, namely 1.0C/QT400 and 1.0C/QT500, respectively. This steel was
selected to ensure a fully pearlitic structure after a slow cooling and a fully martensitic
transformation after quenching. Further tempering on martensitic structures was performed to
achieve hardness values comparable to that of bainitic structures.

2.2. Microstructural analysis

Samples for metallographic observation were ground, polished dowmtdiamond paste and

etched in 2% Nital solution. The unworn microstructures were examined by optical microscopy
(OM), field emission gun-scanning electron microscopy (FEG-SEM). In the case of the
nanostructured bainite samples (obtained in the 1.0C alloy), high magnification FEG-SEM
micrographs were used to determine the bainitic ferrite plate thickndss plate is

represented by a disk of radiuand thicknesswith r»t, then the mean linear intercept length
obtained by projecting random test lines is giverd by 2t [20]. However, in bainitic steels it is
handier to measure the mean intercept, which is obtained by orienting the test line in the shortest
direction of the plate, i.e. in a direction normal to the plate length. As derived in [21], the
stereological correction used for the mean intercept metHEd:Ls%t. The measurements

provided are the average of at least 300 ferrite plates in several micrographs, and the error is
merely given by the standard deviation of these measurements.

With regard to bainitic steels, additions of 1.5 wt.% silicon prevent the precipitation of
cementite between the subunits of bainitic ferrite during bainitic transformation [22]. The
carbon that is rejected from the bainitic ferrite enriches the surrounding austenite, so that it can
be stabilised down to room temperature. The microstructure in high-silicon bainitic steels
roughly consists of bainitic ferrite interwoven by retained austenite regions, though martensite
regions might appear when the austenite carbon enrichment is insufficient.

Quantitative XRD analysis was employed to determine the fraction of retained austenite by the
Rietveld refinement method, as described in [23]. For these experiments, samples were
machined, ground and polished down tanldiamond paste, followed by several cycles of
etching and polishing to remove surface deformation; finally the samples were polished in
colloidal silica. X-ray diffraction measurements were performed with a Bruker AXS D8
diffractometer equipped with a Co X-ray tube and Goebel mirror at a current of 30 mA and a
voltage of 40 keV.

In the case of the 1.0C steel, the level of carbon in the austenite after the transformation ensures
that no martensite will be formed. Here, only two phases are present; the austenite (determined
by XRD) and the bainitic ferrite, whose content is the balance.



Meanwhile, in the bainitic microstructures produérxin 0.3C steel, it is likely that the carbon
enrichment of large regions of austenite is not sufficient for the austenite to be stable at ambient
temperature, so that martensite is expected to be formed during the last quenching stage after
bainitic transformation. Martensite and ferrite peaks are not distinguishable in the XRD spectra,
while martensite and austenite are neither distinguishable as individual phases, but identified as
Martensite/Austenite (M/A) constituent by optical or scanning electron microscopy. For
guantification of individual phases, FEG-SEM images are used to determine the M/A content
following the Standard Test Method for Determining Volume Fraction by Systematic Manual
Point Count (ASTM E562-11), which provides, after a suitable number of placements, an
unbiased statistical estimate of the volume fraction of M/A. The martensite volume fraction is
further obtained by subtracting from the M/A content the austenite content as determined by
XRD. The bainitic ferrite amount would be the balance. The error bars are the addition of the
systematic error of the XRD measurements (x3%) and the standard deviation of the Manual
Point Count measurements, which varies for each case.

At last, to characterize the hardness of the bulk materials produced, macroscale vickers
measurements were performed at a load of 30 kgf (HV30).

2.3. Weatr tests

Room temperature dry sliding-wear tests were performed on the Bruker-UMT 2 tester in a
reciprocating ball-on-plate configuration. Since the structures to be examined are dissimilar in
scale, hardness and mechanical properties, the use of an inert material with a negligible wear
coefficient against steel is necessary for sensible comparisons between them without any
differential effect of the counterbody. For this reason, a non-metallic very hard counterbody is
preferable in comparison with any specific steel. Therefore, alumina balls of 6 mm diameter
were selected as counterbody over steel plates of 15 mm x 10 mm x 5 mm in polished condition
(surface roughnesB, ~ 0.02um). All samples were ultrasonically cleaned with acetone and
ethanol, and dried before and after each test.

A design method for minimizing wear for reciprocating sliding contacts is the engineering
model for wear developed by Bayer (the zero wear model) [24, 25], where the maximum
contact shear stresg.xis given as a function of the number of cyaleand the shearing yield

stress of the materia) by

2000\ 1/
Tmax < (T) YrTy [24] Eg. 1

whereyg is the zero wear coefficient, which is set equal to 0.54 in dissimilar materials. Typical
values for the shearing yield stress in high-silicon bainitic steels range from 400 MPa in

medium carbon alloys [26] up to 850 MPa in high carbon steels [3, 27]. Substituting in Eq. 1 the
shearing yield stress value of 400 MPa representing the worst case and a number of 7200 cycles,
the maximum contact stress allowed for a zero wear design is 187 MPa.

On the other hand, for the ball on plate geometry the maximum shearing stress occurring at the
surface of the steel plate is given by

1
Tmax = qo E(l - ZV)Z + P—Z Eqg. 2



whereyp is the coefficient of friction (for steel/ceramics in sliding confedd.5 [28]) ,v is the
Poisson's ratio, ang) is the maximum pressure of the Hertzian initial point contact. Setting a
contact load of 0.5 N, the maximum pressure of the elastic contact equals 360 MPa, and the
maximum shearing stress obtained from Eq. 2 is 184 MPa. Therefore, the chosen experimental
conditions should satisfy the zero wear model and in all cases the wear is expected to be mild.

Sliding velocities are relatively low in most opto-mechanical applications, whereas sliding
distances vary for rough and accurate positioning depending on the system configuration and
the manufacturer. A typical value of 5 mm for accurate motion regulation was selected as stroke
length, at a frequency of 1 Hz, which leads to an average velocity of 10 mm/s.

Summarizing, tests were conducted with a contact load of 0.5 N, resulting in a maximum
pressure of the Hertzian initial point contact of 360 MPa , running at 1 Hz with a reciprocating
amplitude (stroke length) of 5 mm for 7200 cycles.

Four tests were carried out for each condition, and the wear loss was considered to be the
average of the four tests. The volume of material loss for each wear track was computed from
the length of the stroke and the average cross-sectional area, as measured by means of a laser
confocal profilometer.

The volume wear loss of the plates was determined by means of an optical confocal
profilometer, Sensofar PLu2300, equipped with a high power LED blue light, operating in
reflection mode with a Nikon 20XEPI objective and an emission wavelength of 460 nm. The
wear volume loss was calculated from the average of the cross-sectional area measured at three
locations centred in the wear track, and multiplied by the stroke length. The wear coefjcient (
was further obtained by dividing the volumetric wear loss by the total sliding distance and the
contact load. The error bars correspond to the standard deviation of the wear coefficient of the
four tests performed for each sample.

The worn surfaces were analyzed by FEG-SEM equipped with an energy dispersive X-ray
spectroscopy (EDS) module, in order to qualitatively determine the presence of oxidation. In
addition, bainitic samples were sectioned perpendicular to the worn surface and to the sliding
direction in order to examine the microstructure of the deformed subsurface, as described in
[29]. Cross-sections were examined by means of FEG-SEM for what the observation surfaces
were tilted at 5° relative to normal incidence of the electron beam to precisely locate the
microstructure below the wear tracks.

Finally, micro-hardness measurements were done centred over the wear track where the
maximum reciprocating speed is achieved, using a load of 100 gf (HVO0.1).

3. Results and discussion
3.1. Microstructure

Representative FEG-SEM micrographs of the microstructures obtained are shown in Figure 1.
For 0.3C samples transformed at 325 and 350 °C particles of cementite can be easily identified
inside the ferrite plates, which are representative of lower bainite microstructures (Figure 1a).
This steel transformed at higher temperatures, i.e. 425 and 450 °C, leads to carbide-free bainitic
ferrite laths with intervening M/A structures as seen in Figure 1b, embedded in a martensitic
matrix. The volume fractions of phases shown in Figure 2 disclose that the amount of bainitic
ferrite decreases with increasing the transformation temperature.



Microstructures obtained in the whole set of 1.0¢&lstransformed to bainite consist of bainitic
ferrite plates interwoven by regions of films and blocks of austenite, as illustrated in Figure 1c
and 1d. Measurements on the volume fraction of phases of the samples are collected in Figure
2a, where as it would be expected, the amount of bainitic ferrite decreases with increasing the
transformation temperature.

At the same time, the scale of the bainitic microstructures obtained from 1.0C steel, in terms of
bainitic ferrite plate thickness and austenite block size, is represented in Figure 2b. An example
of the micrographs employed for the bainitic ferrite plate thickness determination is provided in
Figure 3a. To ensure that the measurements are characteristic, typically two criteria are applied.
First, the average of the measurements vs. the number of measurements must reach a plateau
(see Figure 3c), what means that the data population is representative enough and the addition
of extra data has no effect in the average value, though the standard deviation of the population
would decrease. Second, the logarithmic-normal (lognormal) distribution of data is calculated
and compared with the ideal log-normal distribution for the given mean and standard deviation.
Nucleation and growth processes are usually described by the lognormal [30], so that a
successful fitting ensures correct measurements, as in the example given in Figure 3b.

Here it can be seen that the scale of bainite increases with increasing the transformation
temperature, from the nanoscale in 1.0C transformed at 200, 250 and 300 °C to the sub-micron
scale in 1.0C/350.

In general, bainitic structures hardness is inversely proportional to the amount of austenite, as
seen in Figure 2a. When comparing both steels, further hardening is achieved in 1.0C structures
by refining the bainitic ferrite plate thickness to the nanoscale.

Conventional microstructures obtained from 1.0C steel are shown in Figure 1e for the case of
pearlite, and Figure 1f for the case of martensite tempered at 400 °C. Bulk hardness values
achieved in conventional microstructures are 4094, 586+8 and 492+11 HV30 for 1.0C/PER,
1.0C/QT400 and 1.0C/QT500 respectively. It is noteworthy to mention that pearlitic
microstructures obtained in a steel designed to produce low-temperature bainite, have an
extremely-fine interlamellar spacing [31]. Under pure sliding and rolling-sliding conditions, fine
interlamellar spacings have been demonstrated to decisively improve wear resistance [32, 33].

3.2 Wear

Wear resistance is determined by a combination of the hardness and toughness of materials. In
the matter of sliding friction, hardness plays a greater role in wear resistance, owing to the small
impact during sliding friction. In Figure 3 the specific wear ri}ef the studied

microstructures is plotted as a function of surface hardness after wear.

The wear rate vs. surface hardness after wear tendency for 0.3C bainitic steels is linear, in such

a way that the lowest wear coefficient is attained by the sample with the hardest surface after
wear. Nonetheless, a dependence on the transformation temperature nor the amount of phases is
not observed. During the sliding contact the surface can be deformed and the hardness can
change differently depending on the hardening ability of each material. For the studied steels,
cold working and the transformation of retained austenite into martensite under strain (TRIP
effect) are the key factors of the surface hardening. By comparing hardness values after and
before wear of 0.3C samples in Figure 2a, the highest surface hardening and best wear
performance was reached by the 0.3C/425. This latter microstructure, along with 0.3C/325 and



0.3C/350 show the same bulk hardness before temticigubstantial differences in the volume
fraction of the phases; while having similar amount of austenite, 0.3C/425 sample has a lower
content in bainitic ferrite (see Figure 2a). In addition, the morphology of 0.3C/425 consists of
carbide-free bainite, while the formers have a lower bainite microstructure. It is speculated that
the higher initial dislocation density in lower bainite of medium-carbon high-silicon steels leads
to a lower work-hardening rate [34], what would eventually come out in lower surface
hardening and higher wear rate as compared to carbide-free bainite. Therefore, it can be stated
that for this steel the dry reciprocating-sliding wear performance of carbide-free bainitic
microstructures is better than that of the lower bainite.

Contrastingly, the wear coefficient of 1.0C bainitic steels shows independence of hardness after
wear, and it is comparable to that of the reference steels, while also being twice lower than the
best of the 0.3C microstructures. The lack of correlation of hardness with wear resistance had
previously been observed on dry-sliding wear of carbide-free bainitic steels elsewhere [35-37],
so that wear resistance of these bainitic steels depends critically on the microstructure of the
sample and thus on the transformation conditions. From the comparisons among 1.0C bainitic
steels, it is observed that higher hardening rates are achieved by lowering the transformation
temperature, unlike what was observed in 0.3C bainitic steels. In nanostructured bainitic
structures the transformation induced plasticity of the austenite implies strain hardening by
means of the progressive increase in the volume fraction of martensite and additional plastic
deformation due to transformation strains. Interestingly, the highest hardening rate is achieved
in the 1.0C sample transformed at 200 °C, whose amount of austenite is the lowest, querying
whether the hardness increase achieved in 1.0C steel is the result of retained austenite
decomposition within the surface, or consequence of a more conventional form of cold-
working.

3.4. Worn surface observations

The different wear behaviour found for 0.3C and 1.0C bainitic steels can be related to the
diverse wear mechanisms acting during testing. Figure 4 shows FEG-SEM micrographs of the
wear tracks on the studied microstructures.

Regarding the wear process, the chemical affinity between the alumina ball and the steel is
negligible, so the interaction between the mating surfaces is principally due to mechanical
effects. Even so, the test configuration involves the presence of wear debris between sliding
surfaces, which could be beneficial by reducing adhesion or by acting in the manner of a roller
bearing, thereby reducing the wear rate, or could be detrimental by leading to abrasive wear.

Wear mechanism in 0.3C microstructures does not vary among them, and is exemplified in
Figure 4a. The main damage micromechanisms observed are grooves running in the sliding
direction and plastically deformed side ridges around the grooves, indicating that abrasive wear

is mainly taking place. There are also observed indentations and accumulation of irregular
oxidized wear debris at the indentations, as illustrated in Figure 4d. These indentations can be
either the result of flakes of material that were abraded from the surface, or debris that have
oxidized and accumulated in the surface that are hard enough to cause indentation damage when
pressed into the tribological contact [7]. As the same wear mechanism is acting in all 0.3C
samples, the degree of wear will be hardness-dependent [38], as seen in Figure 3.

In 1.0C/200 and 1.C/250, the worn surface is almost not oxidized and grooves from abrasion are
also observed, though in this case prominent ridges are not present, as depicted in Figure 4b. In



1.0C/300 and 1.0C/350 (see Figure 4c) slight abmasialso observed combined with the
presence of shear tongues caused by plastic deformation in the contact region under
compression and shearing, which would result in crack initiation and propagation in the
combined fracture mode of tensile and shear in the trailing region of the contact [39]. The
presence of shear tongues in 1.0C bainitic samples is illustrated in Figure 4e for 1.0C/200 and
Figure 4f for 1.0C/350. Shear tongues, or delamination flakes in the samples transformed at
lower temperature are somewhat tighter and cutting grooves from abrasion are evident in
between them.

Transitions between abrasive micromechanisms, depend on the shearing strength at the mating
interface, which is a function of the volume fraction and size of phases [38]. The described wear
mechanisms in 1.0C bainitic samples change gradually from abrasion by microcutting to
abrasion with a large degree of plastic deformation with increasing the transformation
temperature. It is speculated that shear ductility provided by the austenite plays an important
role in such a way that any particular volume of material remains longer at the surface before
becoming a loose particle. Therefore, the wear process in 1.0C/200 and 1.0C/250, with a matrix
consisting of slender plates of bainitic ferrite, would lead to very fine and hard debris that act by
microcutting abrading out the wear scar bed. For 1.0C/300 and 1.0C/350, the high amount of the
ductile phase (austenite) withstands larger plastic deformation, with less production of abrasive
debris resulting in a wear rate comparable to that of the 1.0C transformed at lower temperatures.

Concerning the wear mechanisms in the conventional microstructures, Figure 4g and 4e
illustrate the wear scar bed surfaces observed for the 1.0C pearlitic and 1.0C quenched and
tempered steels. In 1.0C/PER the worn surface is comparable to that of 1.0C/350, but with a
larger degree of plastic deformation and oxidation. As regards the quenched and tempered
microstructures, a high amount of adhered particles stands out over the wear surface. Extensive
oxidation of the worn surface was detected qualitatively by EDS. Figure 6a illustrates the
spectra obtained for 1.0C/QT500, where the presence of a high oxygen peak in the wear track is
noteworthy when compared to the spectrum obtained at the unworn surface. Oxidation at these
surfaces without the removal of the oxides, justifies the low wear rates encountered.

The presence of oxides in the bainitic samples was seldom, if ever, little oxidation was detected
at the side ridges of the wear track or at the adhered particles out of the track, as given in the
examples of Figure 6b and 6c¢ for 0.3C/425 and 1.0C/300 respectively.

Figure 7 illustrates the microstructure below the wear track on cross-sections of the specimens.
In 0.3C bainitic samples, no substantial subsurface deformation nor the presence of a tribo-layer
were observed, as exemplified in Figure 7a for 0.3C/325. In the case of 1.0C bainitic structures,
the microstructural patterns across the wear tracks are not homogeneous: there are localized
regions where the microstructure undergoes deformation and slightly alginates sideways below
a groove, whereas other regions show neither deformation nor the presence of a tribo-layer. An
example of these trends is given in Figure 7b for 1.0C/300, where the magnified micrograph on
the right shows deformation of the microstructure close to the surface, while the magnified
micrograph on the left shows no microstructural changes at the subsurface. As the behaviour of
the microstructure is not uniform below the wear track, conclusions extracted from these
observations must be handled with care. However, deformation of the microstructure in 1.0C
bainitic steels (independently of its extent) should provide strengthening along with more
resistance to material removal as compared to 0.3C bainitic steels.



4, Conclusions

Dry reciprocating-sliding wear tests have been conducted at low frequencies using the zero wear
model on high-silicon bainitic and conventional steel plates against an alumina ball. Under these
conditions, the wear resistance of high-carbon high-silicon bainitic steels is at least twice
superior to that of medium-carbon high-silicon bainitic steels with similar hardness values.

The wear resistance of medium-carbon high-silicon bainitic steels depends linearly on surface
hardness after wear, being better for the carbide-free bainite morphologies.

The independence of wear resistance to hardness in the case of the high-carbon high-silicon
steel is due to the different micromechanisms of surface damage operating in each case, which
in turn are microstructure-dependent. The highly refined microstructure and the transformation
under strain of the austenite films, contributes to the surface hardening as to plastic deformation
improving the wear performance.
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Figure captions

Figure 1. FEG-SEM micrographs of the unworn microstructures for: a) 0.3C/325, b) 0.3C/450,
c¢) 1.0C/200, d) 1.0C/350, e) 1.0C/PER and f) 1.0C/QT400.

Figure 2. Quantitative data on the unworn bainitic microstructures: a) Volume fraction of
constituent phases and surface hardness before wear (HV30), and after wear (HV0.1), and b)
Bainitic ferrite plate thickness and austenite block size for 1.0C bainitic samples.

Figure 3. a) High magnification FEG-SEM micrograph of 1.0C/300 structure employed for
bainitic ferrite plate thickness measurements, b) bainitic ferrite plate thickness distribution of
1.0C/300 structure (bars) and corresponding log-normal distribution (dashed line) for the
average and standard deviation of the values measured, and c) Average bainitic ferrite plate
thickness as a function of the number of measurements in 1.0C bainitic steels.

Figure 4. Specific wear rate vs. surface hardness after wear of the studied samples.

Figure 5. FEG-SEM micrographs showing the surface morphology of the wear scar bed of the
bainitic structures exemplified for a) 0.3C/350, b) 1.0C/200, ¢)1.0C/350, and corresponding
magnified micrographs for d) 0.3C/350, e) 1.0C/200 and f)1.0C/350. Surface morphology of the
wear scar bed of the conventional structures exemplified for g)1.0C/PER and h)1.0C/QT500.
The double arrow in a) indicates the sliding direction.

Figure 6. FEG-SEM micrographs of the wear scar bed and corresponding EDS spectra of the
indicated areas of a) 1.0C/QT500, b) 0.3C/425 and c) 1.0C/300. The double arrow in a)
indicates the sliding direction.

Figure 7. FEG-SEM micrographs below the wear track on cross-sections tilted 5° relative to
normal incidence of the electron beam for a) 0.3C/325 and b) 1.0C/300. Magnified micrographs
correspond to the squared areas, and the double arrow indicates the sliding direction over the
wear surface.
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