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Abstract: In this work, a multiphase microstructure consisting of nanobainte, martensite, undissolved
spherical carbide, and retained blocky austenite has been prepared in an Al-alloyed high carbon steel.
The effect of the amount of nanobainite on the dry sliding wear behavior of the steel is studied using
a pin-on-disc tester with loads ranging from 25–75 N. The results show that, there is no significant
differences in specific wear rate (SWR) for samples with various amounts of nanobainite when the
normal load is 25 N. While, the SWR firstly decreases and then increases with increasing the amount
of nanobainite, and the optimum wear resistance is obtained for samples with 60 vol.% nanobainite,
when the applied load increases to 50 and 75 N. The improved wear resistance is attributed to the
peak hardness increment resulted from the transformation of retained austenite to martensite, work
hardening, along with amorphization and nanocrystallization of the worn surface. In addition, the
highest toughness of the samples with 60 vol.% nanobainite is also proven to play a positive role in
resisting sliding wear. EDS (energy dispersion spectrum) and XRD (X-ray diffraction) examinations
reveal that the predominant failure mechanism is oxidative wear.
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1. Introduction

It is said that 23% of the world’s total energy is lost due to friction [1], and about 70% of components
fail because of wear and/or fatigue [2]. Therefore, developing materials with high wear resistance or
low friction coefficient is of critical significance. In recent years, a novel nanobainitic steels have been
widely studied for its excellent mechanical properties [3–9], which made them have significant potential
use in manufacturing mechanical parts, such as bearings, gears, as well as defense applications. Among
these studies, the primary focus is evaluating the wear behavior of the new kinds of steel.

To date, a large number of studies involved various wear testing methods have shown that the
novel nanobainitic steels possess excellent wear resistance when compared with other microstructures,
such as pearlite [10,11], martensite [11–14], lower bainite [15], and so on. The carbide-free bainitic
microstructure is demonstrated to exhibit a wear resistance comparable to conventional rail steels
with pearlitic microstructure in a rolling/sliding wear test [10]. While the result of [11] showed that
the nanobainitic microstructure presented better wear resistance in comparison to the pearlitic and
martensitic microstructure through a three-body abrasive wear test. In conditions of similar hardness,
the wear resistance of carbide-free bainite could enhance 25% compared to the tempered martensite [12].
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Besides, for carbide-free bainite with lower hardness, the erosive-abrasive wear rate of which was also
proved to be 35% and 45% lower than that of martensite [13]. Moreover, it was claimed that the specific
wear rate of nanobainite was as little as 1% of that of conventional 100Cr6 with lower bainite, and
approximately half of that of 100Cr6 austempered at 300 ◦C for 1 h [15].

The microstructural features of naonbainitic steels also had a critical influence on wear behavior.
The wear resistance would be enhanced as austempering temperature decreased due to the refined
lath thickness of nanobainitic ferrite [8,16,17]. In addition to bainitic ferrite size, retained austenite
characteristics (including its metastability, morphology and volume fraction) is another important
factor affecting the wear resistance. Film-like retained austenite is more desirable for wear behavior
because it generates smaller strain-induced martensite platelets, while block-like ones with less
stability transformed to coarse fresh martensite, which is more vulnerable to crack initiation and
propagation [18]. However, the authors of Reference [19] thought that metastable austenite was more
prone to mechanically-induced transformation owing to lower carbon content and then resulted in
more hardness increment and less wear rate than nanobainite. Furthermore, it is said that a higher
retained austenite content in carbide-free bainitic steel seemed to cause a worse wear performance [20].
But the case is opposite in Reference [14], which showed that a higher amount of retained austenite
would improve the wear resistance of the nanobainitic steel. Hence, there is still some controversies
concerning the effect of the content and stability of retained austenite on the wear performance of the
steel. In addition, alloying may also influence the wear resistance of the carbide-free bainitic steel. It
is claimed that aluminum promoted the formation of oxide films on the worn surface and led to the
improvement of wear resistance [21].

Summarily, many earlier works have been made to study the wear resistance of nanobainite
compared with traditional microstructures and the effect of microstructural features on the wear
behavior of nanobainitic steels. However, the influence of varying amounts of nanobainite on the wear
behavior of the steel is not very clear. Therefore, the present work is aimed to obtain different amounts
of nanobainite in an Al-alloyed high carbon steel through changing austempering duration, and then
evaluate the wear resistance of the steel using a pin-on-disc tester under dry sliding conditions.

2. Materials and Methods

2.1. Materials Preparation

The main chemical composition (wt.%) of the Al-alloyed high carbon steel is
1.32C-0.49Si-1.46Al-0.53Mn-1.31Cr and balance Fe. The alloy was produced using a 50 kg vacuum
induction furnace and cast into an ingot of 230 mm in diameter. The ingot was first homogenized at
1200 ◦C for 4 h and forged into bars of 80 mm in diameter, then the bars were reheated to 1200 ◦C for
4 h and rolled into thinner bars with a diameter of 32 mm, and controlled cooling to 700 ◦C lastly. In
order to reduce hardness, the steel was spheroidized at 800 ◦C for 9 h and cooled to 650 ◦C slowly
in the furnace. Samples used in wear testing were machined into 30 mm in diameter and sliced into
5 mm in thickness. To ensure sufficient carbon dissolved into austenite, an austenitization temperature
of 880 ◦C was chosen. At this temperature, there is about 1.10 wt.% C dissolved into austenite and
3.23 vol.% of carbide particles is retained, which were calculated using a Thermal-Cal software 2018
in conjunction with the database TCFE10. The martensite start temperature (Ms) of the steel after
austenitization at 880 ◦C was determined to be 132 ◦C by Gleeble 3500 (DSI, New York, NY, USA).
Thus, the heat treatments regimes of the samples were determined as shown in Table 1. Samples with
martensite were tempered at 160 ◦C for 2 h to eliminate the quenching stress. The effect of tempering
at 160 ◦C on nanobainite was thought to be negligible [22].
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Table 1. Heat treatments regimes of the steel in the present study.

Sample Austenizaiton Austempering Cooling Tempering

B10

880 ◦C/7 min

270 ◦C/10 min

Cooling in oil 160 ◦C/120 min
B15 270 ◦C/15 min

B30 270 ◦C/30 min

B45 270 ◦C/45 min

B600 270 ◦C/600 min Ail cooled non

2.2. Wear Tests

The surfaces of all samples before wear testing were ground to a roughness of Ra = 0.2 µm. The
pin was made from commercial quenched and tempered SAE 52100 steel with a hardness of 63 HRC
and manufactured to be a cylinder with φ 5 mm × 12.7 mm and a Ra roughness of 0.2 µm.

Dry sliding tests were carried out using a home-made pin-on-disc tester, the schematic of which is
shown in Figure 1. The pin was clamped to a rotating table connected to the toper shaft, the rotation
speed of which was kept at a speed of 0.408 m/s. The disc sample was installed in the holder by set
screw and then pressed against the disc under vertical load given by spring and kept constant through
a pressure sensor. The moment of friction force between the pin and the disc sample during the wear
test was measured by a moment sensor. These signals were input to a computer every second. The
material pairs were self-mated and tested in ambient conditions (25–29 ◦C, 40–60 % humidity) without
lubrication, under normal loads ranging from 25–75 N for a total sliding distance of ~8817 m. Three
repetitions were carried out for each testing condition. After testing, the wear debris on worn surface
was collected for X-ray diffractometry (XRD) examination, and the samples were cleaned in acetone
using ultrasonic cleaner for 10 min and weighted using an electronic balance with an accuracy of
0.1 mg before and after wear test.
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Figure 1. Schematic of the pin-on-disc tester.

In order to describe the degree of wear, specific wear rate (SWR) for the studied steel with
multiphase microstructures was calculated from the wear loss according to formula:

SWR =
V

FN·S
=

m
FN·S·ρ

(1)

where V is the cumulative volume loss, S is the sliding distance, FN is the normal load, m is the total
mass loss and ρ is the density of the steel (ρ = 7.85 g/cm3 was used in this work).

2.3. Microstructural Analysis

All samples used for microstructural analyses were prepared by standard procedures. After
etched with 2 vol.% nital solution (2 mL HNO3 + 98 mL Ethanol), the microstructure was observed
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with optical microscope (OM, MA200, Nikon, Tokyo, Japan) and field emission scanning electron
microscope (FESEM, SU8200, HITACHI UHR, Tokyo, Japan) equipped with energy dispersive X-ray
spectroscopy (EDS). Transmission electron microscope (TEM, JEM-2100, JEOL, Tokyo, Japan) samples
were prepared by mechanical grinding of thin foils down to a thickness of less than 50 µm followed
by electrochemically thinning in a twin-jet electropolishing device, using a chemical solution of 90%
CH3COOH and 10% HClO4. At least 20 TEM images were chosen to determine the ferrite true plate
thicknesses t, by measuring the mean lineal intercept L = πt/2 in a direction normal to the plate length.

X-ray diffraction (XRD) analyses were performed on a D/MAX-2500/PC diffractometer (Rigaku,
Tokyo, Japan) with unfiltered Cu Kα radiation with 40 kV and 40 mA and a scan rate of 2 ◦/min ranging
from 35–105◦. Post-wear XRD analysis was done directly on the worn surface. Quantitative analysis
was used to determine the volume percentages of retained austenite in the samples before testing,
using the integrated intensities of the (200)γ, (220)γ, and (311)γ peaks, together with those of (200)α,
(220)α, and (211)α [23,24]. During calculation, the volume of undissolved carbides was deducted. The
carbon content in the retained austenite was calculated from the lattice parameter (aγ) using the Dyson
and Holmes equation [25,26]:

Cγ =
aγ − 3.5780− 0.00095×Mnγ − 0.0006×Crγ − 0.0056×Alγ

0.033
(2)

where aγ is the austenite lattice parameter in Å and Cγ, Mnγ, Crγ and Alγ are the alloying concentrations
in wt.%. The Mnγ, Crγ and Alγ contents were assumed to be equivalent to the added ones in the steel.
The volume percentages of nanobainite were determined by quantitative metallography on at least
10 optical images.

The hardness of worn surfaces was measured using a Vickers microhardness tester (Time, Beijing,
China) with a load of 10 g and a hold time of 10 s. The impact toughness was measured using U-type
Charpy impact tester (150 J, Kehui, Jinan, China).

3. Results and Discussion

3.1. Microstructure Characterization

Figure 2a–e shows the SEM images of microstructures of investigated samples after varying heat
treatments. As can be seen, the amounts of nanobainite increases and that of martensite decreases as
the isothermal transformation duration extends, which is presented in detail in Table 2. Meanwhile,
the mean carbon content in retained austenite increases linearly with increasing austempering time
owing to the increase in the amount of film-like retained austenite, which possesses higher carbon
content than blocky ones. However, the total retained austenite (including γF and γB) content first
increases and then decreases, as the austempering duration prolongs. The microstructure details of
B45 sample is characterized through TEM (Figure 2e), which shows that a multiphase microstructure
composed of nanobainite, martensite, blocky retained austenite (γB) and undissolved carbide was
obtained. The nanobainte consists of slender bainite ferrite with 104 ± 52 nm in thickness and film-like
retained austenite (γF) between ferrite. In addition, accommodation twinning associated with plastic
relaxation of the shape change is evident in γF.
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Figure 2. SEM images of samples used for wear testing: (a) B10, (b) B15, (c) B30, (d) B45, (e) B600,
and (f) TEM images of B45 showing a mixture of NB, M, C, γB and in the corner are details of NB. NB
represents nanobainite, M martensite, C carbides, GB grain boundary, γB blocky retained austenite, γF

film-like retained austenite, and BF bainite ferrite, respectively.

Table 2. Volume percentages of nanobainite (VNB) and retained austenite (Vγ), and the average carbon
content in retained austenite (Cγ) of all samples before and after wear testing (values are means ±
standard deviation).

Samples Before Wear Testing After Wear Testing

VNB (vol.%) Vγ (vol.%) Cγ (wt.%) Vγ (vol.%) Cγ (wt.%)

B10 4.2 ± 1.2 14.8 ± 0.1 1.09 ± 0.04 11.5 ± 1.8 0.92 ± 0.07
B15 9.8 ± 0.8 16.6 ± 0.5 1.10 ± 0.05 11.6 ± 1.4 0.90 ± 0.03
B30 39.4 ± 2.0 23.1 ± 2.2 1.59 ± 0.07 5.3 ± 1.2 1.05 ± 0.10
B45 60 ± 1.8 17.8 ± 0.3 1.60 ± 0.05 5.7 ± 1.2 1.31 ± 0.03
B600 ~full 9.9 ± 0.1 1.91 ± 0.08 2.8 ± 0.4 -

Note: “-“denotes that the value couldn’t be obtained from XRD data.

Figure 3 shows the impact toughness of all studied samples. It is seen that the toughness of B10
and B15 is relatively low due to a large amount of martensite within them, which is brittle compared to
retained austenite and bainitic ferrite. The optimum toughness is obtained for B45, which consists of
17.8 ± 0.3 vol.% retained austenite and 60 ± 1.8 vol.% nanobainite. When the total amount of retained
austenite decreases, the toughness value decreases too, so the toughness of B600 is lower than that
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of B45. These results imply that the impact toughness values of the studied samples are strongly
correlative with the relative quantity of nanobainite, martensite as well as γB.
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3.2. Wear Behavior

Figure 4 shows the SWR of the studied steel with varying amount of nanobainite under diverse
loads. It can be clearly observed that, the SWR gradually decreases as the nanobainite content in
samples increases when the applied loads are 50 N and 75 N. The optimum wear resistance is achieved
for B45 that contains a multiphase microstructure of martensite, nanobainite and γB. It is claimed
that microstructure with a combination of hard and soft phases is thought to be very beneficial in
abrasive applications [18]. However, there is no much difference in SWR for samples tested under
25 N In addition, it is interesting that the SWR firstly increases and then decreases with increasing
the applied loads for B10, B15, B30, and B45. The decrease in SWR under 75 N indicates that the
multiphase microstructure may undergo a faster hardening rate than that under 50 N. Furthermore,
though the quantity of nanobainite in B600 (see Table 2) is the largest, the wear resistance of which is
not the best. The reason may be that the hardness of the worn surface of B600 is lower than that of B45.
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3.3. Morphologies of Worn Surfaces and Cross-Section

The typical SEM morphologies of worn surfaces for all studied samples is similar, as is shown
in Figure 5a. It can be seen that the surface was ground to be smooth together with much debris.
The chemical compositions of the wear debris and smooth region were determined by EDS, which
demonstrates that the debris is mainly consists of oxygen and iron (Figure 5b) and the smooth region is
matrix of the steel (Figure 5c).
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Figure 5. (a) SEM images of a typical worn surface of B45 after sliding test under 75 N, (b) and (c) EDS
results corresponding to spot 1 (b) and spot 2 (c) in (a).

Figure 6 shows the SEM images of directly polished and etched worn surface and the corresponding
cross-section microstructure of all samples tested under 75 N. It is noted that the sliding wear results
in microstructure change at the surface and subsurface layer, which is in contrast to the matrix
microstructure. Besides, it is seen that the plastically deformed layer is with several micrometers
in thickness, and the texture orientation of the microstructure is parallel to the friction direction.
Meanwhile, a negative correlation is found between the thickness of the deformed layer and the initial
hardness of the matrix, which is similar to the result of [10,20]. For instance, the thickness of the
deformed layer of B45 is about 6.9 µm, which is maximum in all samples, but the matrix hardness of
B45 in as-treated state is lowest. Additionally, it is noted that the initial multiphase microstructure has
transformed to a single deformed microstructure plus undissolved carbide at the top-most layer, as
is presented in Figure 6a,c,e,g,i. Some cracks are also seen under the hardened regions of the worn
surface, as is shown in Figure 6d,j.
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B10 (a,b), B15 (c,d), B30 (e,f), B45 (g,h), B600 (i,j), under 75 N loads. Yellow arrows indicate severe
plastic deformation microstructure, red parallel lines mark the approximate deformed zone, and SD
indicates sliding direction.

Typical TEM images of the deformed layer beneath the worn surface of B45 indicates a gradient
structure formed during sliding wear process, as is shown in Figure 7. The extent of deformation
gradually decreases with increasing depth of the deformed layer, and the grain size of the deformed
microstructure gradually increases from 6.3 ± 2.8 nm to 160.9 ± 46.9 nm. In addition, it is clearly seen
that the microstructure at the top-most layer is almost amorphous due to severe deformation at the
contact surface. It is said that the grain refinement process will substantially increase the hardness and
lead to a reduction of the coefficient of friction (COF), resulting in the improved wear resistance [27].
The selected-area diffraction patterns in the insets of the bright-filed micrographs show that the phase of
these nano- and micro- grains is a body-centered cubic structure, which indicates that a transformation
from retained austenite to martensite occurred in the deformed layer.
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corner of bright field images were selected area diffraction patterns (SADPs), the surface amorphization
and nanocrystallization were confirmed.

3.4. Discussion

3.4.1. Effect of Hardness on Wear Resistance

As is well known, the hardness of the material is of great importance in resisting the action of
sliding forces during wear testing. Some researchers [28] claimed that wear resistance is determined
by the initial hardness of materials. However, in the present study, the wear resistance of B45 is the
optimum, but the matrix hardness of which is the lowest (see Figure 8). This probably because that
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friction always occurs at the contact surface, thus the surface hardness is in fact of great significance to
wear resistance of the material. In Figure 8, one can see that the surface hardness of all samples suffered
sliding wear has a remarkable increase, which can be attributed to the martensitic transformation from
retained austenite, along with nanocrystallization and amorphization of surface microstructure. The
occurring of phase transformation at the worn surface can be verified through XRD (see Table 2) and
TEM results (see Figure 7). In addition, strain-hardening may also contribute partly to the hardness
increase of the contact surface, although it is limited when comparing to γ→ α′ transformation [12].
However, at a low applied load of 25 N, the hardness of the worn surfaces for all samples is very nearly
the same, which results in a similar wear rate (Figure 4).
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50 N, and 75 N, respectively.

It is interesting that the hardness increase is different for different samples, as is presented in
Figure 8. Since the resistance to shear strain of martensite is superior to ferrite and retained austenite,
the deformed degree of the worn surface for B10 and B15 is little. However, there is more ferrite and
retained austenite with high ductility in B45, thus the transformation from austenite to martensite is
more remarkable. Therefore, the worn surface of B45 is the hardest and the wear resistance is also
the optimum. On the other hand, it is worthy to note that the wear resistance of B600 is inferior to
that of B45, despite there is more nanobainite in B600. The main reason is that the hardness of the
worn surface of B600 is lower than that of B45, which is because that the total amount of retained
austenite in B600 is only about half of that of B45. This is similar to Reference [14] that claimed that the
sample austempered at 230 ◦C for 2 h with higher amount of retained austenite exhibits excellent wear
resistance compared to sample austempered at 230 ◦C for 6 h.

3.4.2. Effect of Toughness on Wear Resistance

Some researches [8,10,29] indicated that apart from hardness, toughness is another key factor
influencing the wear property of the material. This is because higher toughness means the material can
withstand more deformation without breaking. In the present work, the impact toughness increased
as nanobainite volume percentage increased, and reached peak for B45, as shown in Figure 3. The
increase in toughness was attributed to the larger quantity of nanobainite and blocky retained austenite
in B45. High toughness makes the asperities at the contact surface difficult to be broken under pure
shear stress. This can be confirmed by the fact that the thickness of the plastic deformation layer of
B45 is greater than those of other samples. In contrast, one can see cracking happens beneath the
worn surface for B15, which is due to that the hardened surface layer and the matrix of B15 is with
low toughness. Although there is plenty of retained austenite in B10 and B15, it transformed less to
martensite due to less plastic deformation occurred at the worn surface.
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3.4.3. Wear Mechanism

It is well established that, the main failure mode is oxidative wear for dry wear sliding process,
during which the tribo-oxides formed due to friction heat and/or high ambient temperature [30,31]. If
the applied normal load and/or the sliding speed are limited in a certain range, a continuous oxide layer
will be formed by the tribo-oxides and then the wear rate can be reduced, which is called oxidative
mild wear. On the contrary, if the normal load and/or the sliding speed are beyond that range, the
tribo-oxides will be partly or completely removed from the wear scar and consequently lose protection
to the metallic matrix, which falls into “mild-to-severe” transition region [31]. As can be seen from
Figure 5a, the tribo-oxides can be identified on the worn surface, and these tribo-oxides can effectively
avoid the adhesive wear between the disc samples and pin. The wear debris was verified by XRD to be
Fe2O3 with α and β phase structures, as is shown in Figure 9. Therefore, the main failure mode in the
present study is oxidization wear.
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Figure 9. XRD pattern of the debris collected from the worn surface of B45 after wear testing under
75 N.

4. Conclusions

In the present work, the dry sliding wear behavior of an Al-alloyed high carbon nanobainitic steel
has been studied using a pin-on-disc tester. The main conclusions are drawn as follows:

(1) A multiphase microstructure composed of nanobainite, martensite, blocky retained austenite,
and undissolved carbides has been prepared in Al-alloyed high carbon steel via austempering
followed by quenching heat treatments. The varying nanobainite content can be obtained through
changing austempering duration.

(2) The SWR firstly decreases and then increases with the nanobainite content increases in samples.
The optimum wear resistance is achieved by B45 containing 60 ± 1.8 vol.% nanobainite.

(3) The main reason for the improved wear resistance of B45 is the peak hardness increase due to
deformation-induced transformation of retained austenite to martensite, work hardening, along
with grain nanocrystallization and amorphization of the deformed layer. And the high toughness
of the matrix is also thought to contribute to the improvement of wear resistance.

(4) The wear mechanism is proved to be oxidation wear.

Author Contributions: Z.S. and H.L. conceived the experiment; S.Z. and Z.S. carried out experiments under the
direction of H.L.; H.L., J.S. and T.J. analyzed the data; Z.S. and S.Z. wrote the manuscript. Z.S., S.Z., T.J., J.S., Y.W.,
X.Z., H.L. and Y.L. contributed to the revision of the manuscript.

Funding: This research was funded by State Key Laboratory for Mechanical Behavior of Materials (Grant Nos.
20171908) and National Natural Science Foundation of China (Grant Nos. 51701059 and 51801144).

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2019, 12, 1618 12 of 13

References

1. Holmberg, K.; Erdemir, A. Influence of tribology on global energy consumption, costs and emissions. Friction
2017, 5, 263–284. [CrossRef]

2. Jean Michel Martin, A.E. Superlubricity: Friction’s vanishing act. Phys. Today 2018, 71, 40–46. [CrossRef]
3. Caballero, F.; Bhadeshia, H.; Mawella, K.; Jones, D.; Brown, P. Design of novel high strength bainitic steels:

Part 1. Mater. Sci. Technol. 2001, 17, 512–516. [CrossRef]
4. Amel-Farzad, H.; Faridi, H.R.; Rajabpour, F.; Abolhasani, A.; Kazemi, S.; Khaledzadeh, Y. Developing very

hard nanostructured bainitic steel. Mater. Sci. Eng. A 2013, 559, 68–73. [CrossRef]
5. Jiang, T.; Liu, H.; Sun, J.; Guo, S.; Liu, Y. Effect of Austenite Grain Size on Transformation of Nanobainite and

Its Mechanical Properties. Mater. Sci. Eng. A 2016, 666, 207–213.
6. Garcia-Mateo, C.; Caballero, F.G.; Sourmail, T.; Kuntz, M.; Cornide, J.; Smanio, V.; Elvira, R. Tensile behaviour

of a nanocrystalline bainitic steel containing 3 wt.% silicon. Mater. Sci. Eng. A 2012, 549, 185–192. [CrossRef]
7. Zhang, P.; Zhang, F.C.; Yan, Z.G.; Wang, T.S.; Qian, L.H. Wear property of low-temperature bainite in the

surface layer of a carburized low carbon steel. Wear 2011, 271, 697–704. [CrossRef]
8. Leiro, A.; Vuorinen, E.; Sundin, K.G.; Prakash, B.; Sourmail, T.; Smanio, V.; Caballero, F.G.; Garcia-Mateo, C.;

Elvira, R. Wear of nano-structured carbide-free bainitic steels under dry rolling–sliding conditions. Wear
2013, 298–299, 42–47. [CrossRef]

9. Liu, H.; Sun, J.; Jiang, T.; Guo, S.; Liu, Y. Improved rolling contact fatigue life for an ultrahigh-carbon steel
with nanobainitic microstructure. Scr. Mater. 2014, 90–91, 17–20. [CrossRef]

10. Chang, L.C. The rolling/sliding wear performance of high silicon carbide-free bainitic steels. Wear 2005, 258,
730–743. [CrossRef]

11. Das Bakshi, S.; Shipway, P.H.; Bhadeshia, H.K.D.H. Three-body abrasive wear of fine pearlite, nanostructured
bainite and martensite. Wear 2013, 308, 46–53. [CrossRef]

12. Gola, A.M.; Ghadamgahi, M.; Ooi, S.W. Microstructure evolution of carbide-free bainitic steels under abrasive
wear conditions. Wear 2017, 376–377, 975–982. [CrossRef]

13. Vuorinen, E.; Ojala, N.; Heino, V.; Rau, C.; Gahm, C. Erosive and abrasive wear performance of carbide free
bainitic steels – comparison of field and laboratory experiments. Tribol. Int. 2016, 98, 108–115. [CrossRef]

14. Guo, H.; Zhao, A.; Zhi, C.; Ding, R.; Wang, J. Two-body abrasion wear mechanism of super bainitic steel.
Mater. Sci. Technol. 2017, 33, 893–898. [CrossRef]

15. Sourmail, T.; Caballero, F.G.; Garcia-Mateo, C.; Smanio, V.; Ziegler, C.; Kuntz, M.; Elvira, R.; Leiro, A.;
Vuorinen, E.; Teeri, T. Evaluation of potential of high Si high C steel nanostructured bainite for wear and
fatigue applications. Mater. Sci. Technol. 2013, 29, 1166–1173. [CrossRef]

16. Yang, J.; Wang, T.S.; Zhang, B.; Zhang, F.C. Sliding wear resistance and worn surface microstructure of
nanostructured bainitic steel. Wear 2012, 282–283, 81–84. [CrossRef]

17. Rementeria, R.; García, I.; Aranda, M.M.; Caballero, F.G. Reciprocating-sliding wear behavior of
nanostructured and ultra-fine high-silicon bainitic steels. Wear 2015, s338–339, 202–209. [CrossRef]

18. Narayanaswamy, B.; Hodgson, P.; Timokhina, I.; Beladi, H. The Impact of Retained Austenite Characteristics
on the Two-Body Abrasive Wear Behavior of Ultrahigh Strength Bainitic Steels. Metall. Mater. Trans. A 2016,
47, 1–13. [CrossRef]

19. Efremenko, V.G.; Hesse, O.; Friedrich, T.; Kunert, M.; Brykov, M.N.; Shimizu, K.; Zurnadzhy, V.I.; Šuchmann, P.
Two-body abrasion resistance of high-carbon high-silicon steel: Metastable austenite vs nanostructured
bainite. Wear 2019, 418–419, 24–35. [CrossRef]

20. Leiro, A.; Kankanala, A.; Vuorinen, E.; Prakash, B. Tribological behaviour of carbide-free bainitic steel under
dry rolling/sliding conditions. Wear 2011, 273, 2–8. [CrossRef]

21. Wang, M.M.; Lv, B.; Yang, Z.N.; Zhang, F.C. Wear resistance of bainite steels that contain aluminium. Mater.
Sci. Technol. 2016, 32, 282–290. [CrossRef]

22. Caballero, F.G.; Miller, M.K.; Garcia-Mateo, C.; Capdevila, C.; Babu, S.S. Redistribution of alloying elements
during tempering of a nanocrystalline steel. Acta Mater. 2008, 56, 188–199. [CrossRef]

23. Caballero, F.G.; Bhadeshia, H.K.D.H. Very strong bainite. Curr. Opin. Solid State Mater. Sci. 2004, 8, 251–257.
[CrossRef]

24. Durnin, J.; Ridal, K.A. Determination of retained austenite in steel by X-ray diffraction. J. Iron Steel Inst. 1968,
206, 60–67.

http://dx.doi.org/10.1007/s40544-017-0183-5
http://dx.doi.org/10.1063/PT.3.3897
http://dx.doi.org/10.1179/026708301101510348
http://dx.doi.org/10.1016/j.msea.2012.08.020
http://dx.doi.org/10.1016/j.msea.2012.04.031
http://dx.doi.org/10.1016/j.wear.2010.12.025
http://dx.doi.org/10.1016/j.wear.2012.11.064
http://dx.doi.org/10.1016/j.scriptamat.2014.07.006
http://dx.doi.org/10.1016/j.wear.2004.09.064
http://dx.doi.org/10.1016/j.wear.2013.09.008
http://dx.doi.org/10.1016/j.wear.2016.12.038
http://dx.doi.org/10.1016/j.triboint.2016.02.015
http://dx.doi.org/10.1080/02670836.2016.1245239
http://dx.doi.org/10.1179/1743284713Y.0000000242
http://dx.doi.org/10.1016/j.wear.2012.02.008
http://dx.doi.org/10.1016/j.wear.2015.06.011
http://dx.doi.org/10.1007/s11661-016-3690-5
http://dx.doi.org/10.1016/j.wear.2018.11.003
http://dx.doi.org/10.1016/j.wear.2011.03.025
http://dx.doi.org/10.1080/02670836.2016.1157300
http://dx.doi.org/10.1016/j.actamat.2007.09.018
http://dx.doi.org/10.1016/j.cossms.2004.09.005


Materials 2019, 12, 1618 13 of 13

25. Dyson, D.; Holmes, B. Effect of alloying additions on the lattice parameter of austenite. J. Iron Steel Inst. 1970,
208, 469–474.

26. Saha Podder, A.; Bhadeshia, H.K.D.H. Thermal stability of austenite retained in bainitic steels. Mater. Sci.
Eng. A 2010, 527, 2121–2128. [CrossRef]

27. Yin, C.H.; Liang, Y.L.; Liang, Y.; Li, W.; Yang, M. Formation of a self-lubricating layer by oxidation and
solid-state amorphization of nano-lamellar microstructures during dry sliding wear tests. Acta Mater. 2019,
166, 208–220. [CrossRef]

28. Sharma, S.; Sangal, S.; Mondal, K. Reciprocating Sliding Wear Behavior of Newly Developed Bainitic Steels.
Metall. Mater. Trans. A 2014, 45, 5451–5468. [CrossRef]

29. Hernandez, S.; Leiro, A.; Ripoll, M.R.; Vuorinen, E.; Sundin, K.G.; Prakash, B. High temperature three-body
abrasive wear of 0.25C 1.42Si steel with carbide free bainitic (CFB) and martensitic microstructures. Wear
2016, 360–361, 21–28. [CrossRef]

30. Wei, M.X.; Chen, K.M. Analysis for Wear Behaviors of Oxidative Wear. Tribol. Lett. 2011, 42, 1–7. [CrossRef]
31. Wang, S.Q.; Wang, L.; Zhao, Y.T.; Sun, Y.; Yang, Z.R. Mild-to-severe wear transition and transition region of

oxidative wear in steels. Wear 2013, 306, 311–320. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.msea.2009.11.063
http://dx.doi.org/10.1016/j.actamat.2018.12.049
http://dx.doi.org/10.1007/s11661-014-2507-7
http://dx.doi.org/10.1016/j.wear.2016.04.012
http://dx.doi.org/10.1007/s11249-010-9741-y
http://dx.doi.org/10.1016/j.wear.2012.08.017
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials Preparation 
	Wear Tests 
	Microstructural Analysis 

	Results and Discussion 
	Microstructure Characterization 
	Wear Behavior 
	Morphologies of Worn Surfaces and Cross-Section 
	Discussion 
	Effect of Hardness on Wear Resistance 
	Effect of Toughness on Wear Resistance 
	Wear Mechanism 


	Conclusions 
	References

