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A B S T R A C T   

Sliding wear performance of carbide-free bainitic steel is significantly affected by microstructure. This investi-
gation is an attempt to find a correlation between microstructure and wear resistance of carbide-free bainitic 
steel and compare the results with that of a conventional tempered martensitic microstructure. Under pre-
dominantly adhesive wear conditions, carbide-free bainitic microstructure with the highest amount of retained 
austenite offers the best wear resistance. This is mainly attributed to the more pronounced work hardening and 
TRIP-effect of carbide-free bainitic microstructure austempered at higher temperature. Therefore, higher initial 
bulk hardness is not the only indicator of wear resistance. Moreover, when both oxidation and adhesion are 
active, a microstructure with an optimum content of retained austenite and bainitic ferrite shows the highest 
wear resistance.   

1. Introduction 

Nanostructured carbide-free bainitic steels with an attractive com-
bination of toughness and strength have been the subject of numerous 
studies over the last thirty years [1–7]. Due to the combination of high 
hardness, strength and toughness, these steels can be employed in 
different industrial applications such as rail steels, rolling-element 
bearings and gears [8–12]. In all of these applications, sliding wear 
plays a pivotal role in determining the performance of the components. 
In rail track curves, sliding wear occurs between the gauge face of rail 
and wheel flange and increases the maintenance cost particularly for 
heavy-haul railway transportation. In rolling-element bearings, the total 
load is carried by the few rollers (or balls) in the load zone. The rollers 
will accelerate when they enter the load zone. As a result of acceleration 
of rollers, slippage occurs and the lubricant film breaks down. Conse-
quently, the bearings can suffer from sliding wear between the 
rolling-elements and raceways. Newly developed carbide-free bainitic 
steels can be a potential candidate to replace pearlitic and tempered 
martensitic steels used in rails and rolling-element bearings, respectively 
[8–13]. 

Furthermore, sliding wear behaviour of metallic materials is criti-
cally dependent upon their microstructures. The microstructure of the 

material determines the properties affecting the wear performance such 
as hardness, work hardening capability, adhesive strength etc. There-
fore, it is important to optimise the sliding wear performance by con-
trolling the microstructure of carbide-free bainitic steels. The early 
investigation of Clayton et al. [14] compared the sliding wear perfor-
mance of bainitic and pearlitic steels. It was found that wear resistance 
of bainitic steels depends on the microstructure and initial hardness. The 
wear performance of the low carbon bainitic steel can compete with that 
of high carbon pearlitic steels. However, the later study of Myung Lee 
and Polycarpou [15] showed that softer pearlitic steels outperformed 
the harder bainitic steels in terms of sliding wear resistance. The 
improved wear performance of pearlitic steel was attributed to their 
higher work-hardenability during the wear process. In contrast, another 
study by Chattopadhyay et al. [16] showed that bainitic steels offer a 
higher wear resistance than that of pearlitic steels due to finer micro-
structure and higher defect density and hardness. The research work of 
Shipway et al. [17] indicated that a bainitic microstructure with lower 
austempering temperature exhibits better wear performance compared 
to that of the normalised, quenched, and quenched and tempered steels. 
Furthermore, they emphasised the crucial role of microstructure on 
sliding wear behaviour. Yang et al. [18] studied the sliding wear per-
formance of nanostructured carbide-free bainitic steel in comparison 
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with quenched and tempered martensitic steel. They found that a 
carbide-free bainitic microstructure provides improved wear resistance 
as a result of finer microstructure and increased combination of hardness 
and toughness. The majority of the studies, so far, have been confined to 
bainitic steels in the context of rail steels and limited research have been 
conducted on nanostructured carbide-free bainitic steels in the context 
of bearing steels. Furthermore, the contradictory results reported in the 
literature indicate that the effect of microstructure on sliding wear 
performance of carbide-free bainitic steels has not yet been fully un-
derstood. This research gap stems from the complexity of the sliding 
wear process. Sliding wear includes a variety of wear mechanisms such 
as adhesion, oxidation, abrasion and surface fatigue that act simulta-
neously in a complex manner to cause the resulting wear damage [19]. 
Therefore, a systematic investigation is needed to understand the cor-
relation of microstructure and sliding wear performance of carbide-free 
bainitic steels with respect to the dominant wear mechanisms under 
different operating conditions. 

At lower loads and sliding speeds, the effect of adhesion on material 
removal is inevitable under dry sliding condition. Thus, more research is 
required to gain a deeper insight into the effect of microstructure on the 
sliding wear behaviour of carbide-free bainitic steel under predomi-
nantly adhesive wear conditions. Therefore, the aim of this study is to 
obtain an in-depth understanding on the correlation of different carbide- 
free bainitic microstructures and adhesion-dominated wear perfor-
mance. Furthermore, the obtained results have been compared with that 
of a quenched and tempered martensitic microstructure. 

2. Materials and methods 

2.1. Alloy and heat treatment 

Spring steel with 1.6 wt% silicon and 0.6 wt% C was employed in this 
study. The nominal chemical composition of this steel in weight percent 
is presented in Table 1. 

The martensite start temperature of 221 �C was calculated using an 
empirical equation of Nehrenberg as follows [20]:  

Ms¼ 500 � 300C � 33Mn � 17Ni � 22Cr � 11Si � 11Mo ðwt%Þ (1) 

To obtain carbide-free bainitic microstructure, austempering heat 
treatment was conducted. The samples were heated to the austenite 
region and subsequently quenched to different isothermal trans-
formation temperatures. The details of heat treatment conditions are 
given in Table 2. The tempered martensitic reference sample (QT-350 
�C) of the same steel was quenched to 60 �C and tempered at tempera-
ture of 350 �C. 

2.2. Wear tests 

The dry sliding wear tests were carried-out using self-mated tribo- 
pairs in a Phoenix Tribology TE67 pin-on-disc tribometer. The linear 
sliding speed was varied from 0.25 m/s to 1 m/s under a normal load of 
75 N. Table 3 presents the summary of wear test conditions. The length 
and diameter of pin specimens were 6 mm and Ø4 mm, respectively. An 
average of three tests were made, in general, for each condition and 
microstructure. A type-k thermocouple was positioned in the pin spec-
imen at a distance of 6 mm from the sliding interface to monitor the 
temperature rise during the wear test. 

A digital balance with an accuracy of 0.01 mg was employed to 
measure the weight loss of worn pin specimens. The following equation 
was used to calculate the specific wear rate: 

SWR¼
Volume lossðmm3Þ

Load ðNÞ � Sliding distance ðmÞ
(2)  

2.3. XRD 

The XRD analyses were conducted with a Siemens PANalytical 
Empyrean diffractometer using monochromatic CuKα radiation. The 
volume percent of retained austenite and bainitic ferrite were deter-
mined through Rietveld analysis. The carbon content of different phases 
were calculated using the Dyson and Holmes [21] equations. The details 
of the equation for calculating the amount of carbon in retained 
austenite is as follow:  

aγ ¼ 3:5780þ 0:033wc þ 0:00095wMn � 0:0002wNi þ 0:0006wCr þ 0:0056wAl

þ 0:0031wMo þ 0:0018wV

(3)  

Where wi stands for the weight percent of element i and aγ is the 
austenite lattice parameter in Å. In a similar manner, the amount of 
carbon in ferrite can be derived by the following equation: 

aα ¼ 2:8664þ
ðaFe � 0:279xCÞ

2
ðaFe þ 2:496xCÞ � a3

Fe

3a2
Fe

� 0:03xSiþ 0:06xMn

þ 0:07xNi þ 0:31xMoþ 0:05xCr þ 0:096xV

(4)  

Where xi represents the mole fraction of element i and aFe is the ferrite 
lattice parameter in pure iron (2.8664 Å). 

2.4. Hardness tests and surface analyses 

A micro Vickers hardness tester with loads of 1000 gf and 50 gf was 
employed to measure the bulk and near surface hardness of the samples, 
respectively. The surface morphology and roughness of all specimens 
together with the wear volume of the disc specimens were determined 
by means of a 3D optical surface interferometer. A Zeiss-Merlin FEG- 
SEM equipped with Energy Dispersive X-ray Spectroscopy (SEM/EDXS) 
and optical microscopy were used to study the heat-treated micro-
structures and worn surfaces. 

Table 1 
Nominal chemical composition in wt%.  

Elements C Si Mn Cr Mo V 

Wt% 0.60 1.60 1.25 1.75 0.15 0.12  

Table 2 
Details of heat treatment conditions.  

Designation Taust (oC) taust (min) Tbain/temper (oC) tbain/temper (h) 

CFB-230 �C 860 65 230 20 
CFB-250 �C 860 65 250 12 
CFB-270 �C 860 65 270 8 
CFB-320 �C 860 65 320 2 
QT-350 �C 860 65 350 1.5 

T and t represents temperature and time, respectively. 

Table 3 
Summary of the sliding wear test conditions.  

Load 
(N) 

Contact pressure 
(MPa) 

Speed 
(m/s) 

RPM Duration 
(s) 

Sliding 
distance (m) 

75 6 0.25 191 16,000 4000 
75 6 0.5 191 8000 4000 
75 6 1 191 4000 4000  
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3. Results and discussion 

3.1. Microstructure 

The heat-treated microstructures are shown in Figs. 1 and 2. The 
optical micrographs in Fig. 1 show that a finer microstructure can be 
obtained with decreasing isothermal transformation temperature. The 
lower transformation temperature leads to higher driving force and 
nucleation rate of bainitic ferrite. The higher nucleation rate of bainitic 
ferrite results in a finer microstructure through impingement effect [22]. 

The SEM analysis revealed more details of the heat-treated micro-
structures (Fig. 2). As can be observed, there is no evidence of cementite 
precipitation in the microstructure. Hence, the microstructures of aus-
tempered samples are carbide-free and are composed of retained 
austenite and bainitic ferrite laths. Retained austenite can be in the form 
of thin films or blocks. The size of the retained austenite blocks is in the 
range of submicron to micrometres. As can be seen in Figs. 1e and 2e, the 
microstructure of quenched and tempered samples contains retained 
austenite and tempered martensite. 

3.2. XRD analyses 

The details of X-ray diffraction patterns for all the microstructures 
after the heat treatment process are shown in Fig. 3. Furthermore, 

Table 4 presents the results of XRD analyses of heat-treated samples. As a 
result of higher nucleation rate of bainitic ferrite, the volume percent of 
bainitic ferrite increases with decreasing the austempering temperature. 
Furthermore, the results of XRD diffraction pattern did not reveal any 
evidence of carbide peaks. Therefore, the heat-treated microstructures 
are carbide-free which is in good agreement with the microstructural 
analyses in section 3.1. 

Moreover, as the austempering temperature increases, the amount of 
carbon in retained austenite and bainitic ferrite increases and decreases, 
respectively. During the bainite transformation, the partitioning of 
carbon from supersaturated bainitic ferrite into retained austenite oc-
curs. As a result of the higher diffusion rate of carbon atoms at higher 
transformation temperature, the carbon content in retained austenite 
increases while the bainitic ferrite experiences a larger depletion of 
carbon. Since carbon is an austenite stabilizing element, it lowers the 
martensite start temperature of retained austenite. Thus, the retained 
austenite with higher amount of carbon is less prone to martensitic 
transformation. 

3.3. Bulk hardness 

The results of bulk hardness measurements are shown in Fig. 4. The 
average bulk hardness of carbide-free bainitic steel increases as the 
isothermal transformation temperature decreases. Lower transformation 

Fig. 1. Optical micrographs of microstructures after the heat treatment process: (a) carbide-free bainite austempered at 230 �C, (b) carbide-free bainite austempered 
at 250 �C, (c) carbide-free bainite austempered at 270 �C, (d) carbide-free bainite austempered at 320 �C and (e) quenched and tempered martensite. 
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temperature results in higher dislocation density and finer microstruc-
ture which in turn increase the bulk hardness [22,23]. Therefore, the 
austempered sample at 230 �C exhibits the highest hardness and resis-
tance to deformation among the bainitic microstructures. Furthermore, 
quenched and tempered sample possesses higher hardness than all the 
other carbide-free bainitic microstructures. The rapid cooling to 60 �C 
results in high defect density which in turn increases the hardness of 
quenched and tempered sample. 

3.4. Friction behaviour 

The results of average steady state friction coefficients as a function 
of sliding speeds are plotted in Fig. 5 for all the tested samples. Only the 
coefficients of friction values for the last 2000 m sliding distance were 
considered for calculation. The effects of bulk hardness and micro-
structure on coefficient of friction are insignificant. As can be observed, 
at each sliding speed, all the heat-treated samples exhibit similar co-
efficients of friction. The coefficient of friction, however, is significantly 
affected by the sliding speed and is inversely proportional to sliding 
speed. The value of friction coefficient drops by more than 50% from the 
sliding speed of 0.25 m/s to 1 m/s. 

Fig. 6 shows the bulk temperature of pin specimen as a function of 
sliding speed. The presented temperatures in Fig. 6 correspond to the 
average obtained temperature during the last half part of the test. As can 

be seen, one can establish a direct relationship between temperature and 
sliding speed. It is noteworthy to mention that the real temperature at 
the contact interface can be significantly higher than the results shown 
in Fig. 6. The real flash temperature can easily reach a few hundred 
degrees during the sliding action [24]. 

The increase of temperature leads to oxidation of the mating surfaces 
during the wear process. The relationship between oxide growth and 
temperature during sliding can be described by the Arrhenius equation 
[24]: 

kp¼Ae

�
� Q
RT

�

(5) 

Where Kp corresponds to the parabolic rate constant for growth of the 
oxide film, A stands for Arrhenius constant, Q represents the activation 
energy, R is the universal gas constant and T corresponds to the absolute 
temperature. Hence, the oxidation rate increases with increase of tem-
perature. A thicker oxide layer, thus, can be generated at a sliding speed 
of 1 m/s. Therefore, formation of a thick and stable oxide layer can 
prevent the direct metal-to-metal contact. Friction and adhesion of self- 
mated steels is reduced by replacing the strong metal-metal adhesion 
with a weaker iron and iron-oxide adhesion. The former one is 
controlled by metallic bonding and the later one is governed by Van der 
Waals force [19,24–26]. 

Fig. 7 represents the evolution of friction coefficient with time for 

Fig. 2. SEM micrographs of heat-treated microstructures: (a) carbide-free bainite austempered at 230 �C, (b) carbide-free bainite austempered at 250 �C, (c) carbide- 
free bainite austempered at 270 �C, (d) carbide-free bainite austempered at 320 �C (e) and (f) quenched and tempered martensite. 
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different sliding speeds. At lower sliding speeds of 0.5 m/s and 0.25 m/s, 
the friction coefficient values fluctuate throughout the test duration. The 
observed fluctuation and instability in results of friction coefficient can 
be attributed to adhesive wear. Adhesive wear is characterised by a high 
and unstable coefficient of friction [26]. Formation and rupture of an 
adhesive junction and removal of transfer particle can cause interrupted 
rise and fall in friction force leading to the observed fluctuation. This 
prevents smooth sliding at low sliding speeds. It was observed that vi-
bration and noise during the sliding wear test increases with decreasing 
the sliding speed. While a very smooth sliding was observed at sliding 
speed of 1 m/s, the sliding motion at the sliding speed of 0.25 m/s was 

accompanied by vibration and noise. At lower sliding speed and tem-
perature, a stable oxide layer cannot form on the worn surface due to 
insufficient frictional heating. Therefore, direct metal-to-metal contact 
can occur and consequently the coefficient of friction increases. 

Fig. 8 depicts the schematic illustration of formation and removal of 
a transfer particle. During the wear process at low sliding speed, the pin 
specimen can be lifted up by the transfer particle and this leads to an 
increase in the coefficient of friction. When the transfer particle grows 
larger and reaches a critical size, it can be fractured and removed from 
the contact interface [26,27]. The removal of a transfer particle causes a 
sudden drop in coefficient of friction. The process is also often accom-
panied by noise and vibration. 

Fig. 3. X-ray diffraction patterns of the heat treated microstructures.  

Table 4 
The results of XRD analysis of heat-treated microstructures.  

sample Vγ (%) Xγ (wt %) Ms of γ (oC) Vα (%) Xα (wt %) 

Bain-230 
�C 

23.70 �
1.22 

0.66 �
0.03 

201.47 �
9.45 

76.30 �
1.22 

0.35 �
0.11 

Bain-250 
�C 

25.60 �
1.24 

0.88 �
0.04 

135.97 �
14.87 

74.40 �
1.24 

0.30 �
0.06 

Bain-270 
�C 

27.50 �
0.98 

0.95 �
0.04 

113.46 �
14.00 

72.50 �
0.98 

0.22 �
0.01 

Bain-320 
�C 

33.20 �
0.56 

0.96 �
0.04 

111.40 �
10.58 

66.80 �
0.56 

0.14 �
0.10 

QT-350 
�C 

17.93 �
0.47 

0.74 �
0.03 

178.49 �
9.65 

82.07 �
0.47 

0.24 �
0.02 

γ stands for retained austenite and α corresponds to ferrite for carbide-free 
bainitic steel and martensite for quenched and tempered steel, V is the volume 
fraction of phases, Ms corresponds to martensite start temperature and X refers 
to concentration of carbon in each phase. 

Fig. 4. The results of bulk hardness measurements.  

Fig. 5. Average steady-state friction coefficient at different sliding speeds.  

Fig. 6. Bulk temperature of pin specimens as a function of sliding speed.  
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3.5. Wear behaviour 

3.5.1. Wear rate 
The specific wear rates of disc and pin specimens as a function of 

sliding speed are presented in Figs. 9 and 10, respectively. As can be 
observed, the wear behaviour of the disc specimen is completely 
different to that of the pin specimen. The wear rate of the disc specimen 
at sliding speed of 1 m/s is negligible. In the pin-on-disc test configu-
ration, the rotating disc specimen is in intermittent contact with the 
stationary pin specimen. Such intermittent contact can result in signif-
icant differences between wear performances of pin and disc specimens. 
Due to the large scattering of wear rate results for the disc specimens, the 
wear performances of various microstructures were interpreted based on 
the wear rate results of the pin specimens. 

As can be seen in Fig. 10, the wear behaviour of different micro-
structures varies significantly with changing the sliding speed and there 
is no direct correlation between hardness and wear resistance. At the 

sliding speed of 0.25 m/s, the wear rate of carbide-free bainitic micro-
structures decreases with increasing the austempering temperature and 
decreasing the hardness. Whereas, at the sliding speed of 1 m/s, a 
reverse trend was identified. Furthermore, the lowest wear rate was 
observed at the intermediate sliding speed of 0.5 m/s. At all the sliding 
speeds, there is at least one carbide-free bainitic microstructure out-
performing that of the tempered martensitic microstructure. 

At the low sliding speed of 0.25 m/s, the austempered sample at 320 
�C with the most stable and highest content of retained austenite ex-
hibits the highest wear resistance. Conversely, at the high sliding speed 
of 1 m/s, the sample austempered at 230 �C with the lowest retained 
austenite content and stability offers the best wear performance. At the 
intermediate sliding speed of 0.5 m/s, the sample austempered at the 
intermediate isothermal temperature of 270 �C gives the best wear 
performance. Therefore, the effect of microstructural parameters on the 
sliding wear behaviour of carbide-free bainitic steels can be radically 
different depending upon the test conditions and the active wear 

Fig. 7. Evolution of friction coefficient with time for different sliding speeds (Bain-230 �C).  

Fig. 8. Formation, growth and removal of transfer particle (adapted from [26,27]).  
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mechanisms. 

3.5.2. Wear mechanisms 
To obtain a deeper insight into the wear behaviour of different mi-

crostructures, the worn surfaces were analysed by 3D optical profilom-
etry. Fig. 11 shows the arithmetic average surface roughness (Sa) for pin 
and disc specimens before and after the wear tests at the sliding speeds 
of 0.25 m/s and 0.5 m/s. The surface roughness of pin and disc speci-
mens before the wear test is 0.58 � 0.09 μm. 

The surface roughness of both pin and disc specimens increases after 
the wear test. The worn surface morphologies of disc and pin specimens 
(Fig. 12) mainly consist of coarse grooves. At sliding speed of 0.5 m/s, 
the worn surfaces appear to be slightly smoother than the worn surfaces 
tested at sliding speed of 0.25 m/s. Moreover, the surface roughness 
slightly increases with decreasing sliding speed since the adhesive wear 
is more dominant at lower sliding speed. 

The SEM analyses of worn surfaces revealed that the dominant wear 
mechanism at the sliding speed of 0.25 m/s is adhesive wear (Figs. 13 
and 14). The observed surface damages and disruption of the smooth 
surface indicate the prevalence of severe adhesive wear. In addition, the 
observed high and unstable friction coefficient and formation of a 

transfer film together with such coarse grooves are the main charac-
teristic features of adhesive wear. At the low sliding speed of 0.25 m/s, 
there is no uniform and thick oxide layer covering the worn surface 
(Fig. 13) and therefore adhesive wear is inevitable. The major wear 
damage is caused by adhesion due to the fracture and removal of ma-
terial. Subsequent to adhesion, abrasion also occurs by the work hard-
ened wear debris. The evidence of abrasion caused by work hardened 
wear debris can be seen in Figs. 13d and 14d. There is some evidence of 
(partial) transfer layer together with wear particles on the worn sur-
faces. The surface coverage by transfer layers is more significant at the 
sliding speed of 0.5 m/s. These transfer layers are subjected to oxidation 
during the wear process. Therefore, during the wear process at the in-
termediate sliding speed of 0.5 m/s, both oxidation and adhesive wear 
are simultaneously active. 

When the load is applied, the asperities on the mating surfaces come 
into intimate contact and deform plastically. The native oxide layer on 
the surface will fracture and expose the fresh metal and adhesive bonds 
develop between the asperities and adhesive junctions, thereby, form at 
the contact interface. The development of a strong adhesive bonds at the 
contact interface increases the resistance to sliding movement. The onset 
of sliding under these conditions causes a significant plastic deformation 

Fig. 9. Specific wear rate of disc specimen against sliding speed for different microstructures.  

Fig. 10. Specific wear rate of pin specimen against sliding speed for different microstructures.  
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of the contacting asperities. Consequently, the size of the adhesive 
junction increases by combined action of normal and tangential stresses 
[19,26,28]. Due to the tangential shear and compressive stresses, slip 
occurs along slip planes of adhesive junction [28]. Hence, a series of 
shear bands forms in the contact region subsequently during the sliding 
process [26]. When further plastic deformation cannot be accommo-
dated, a crack is initiated and propagated along the material with the 
lowest yield strength. This leads to removal of a lump of material and 
material transfer occurs from one surface to the other [19,26]. The 
rupture of adhesive junctions due to the slip leads to formation of shear 
tongues on the worn surface [28]. The evidence of scale-like shear fea-
tures can be found in Fig. 14a. The fluctuation of friction coefficient 
shown in Fig. 5 can further corroborate that adhesion is the predominant 
wear mechanism at the sliding speed of 0.25 m/s. 

The material transfer alone does not generate wear debris. The 
transferred material can remain on the other surface and becomes flat-
tened as a result of the normal load and sliding action. The details of 
layered structure of the transferred material can be observed in Figs. 13c 
and 14c. Therefore, the transferred material can be highly work hard-
ened, undergoes oxidation and cause two-body abrasion. The formation 
of coarse grooves on the worn surface is indicated in Fig. 13a. Eventu-
ally, the transferred material or a portion of it can be removed from the 
contacting surfaces by further asperity contact in subsequent passes and 
produces flaky wear debris [19,26]. The morphology of the wear debris 
released during the wear process can be seen in Fig. 15. The evidences of 

flaky wear debris formed during the sliding wear process can be found in 
Figs. 14b, 15a and b. The produced flaky wear debris can be subjected to 
deformation and fragmentation. As a result of fragmentation, smaller 
wear particles can be generated. The ratio of surface area to volume 
increases with the reduction in size of the wear particles. Therefore, the 
smaller wear particles with a higher surface energy can be readily oxi-
dised. The results of the EDS analyses indicate that the fragmented 
powdery wear debris has been subjected to oxidation (Fig. 15e). Owing 
to the high contact temperature and also the released temperature as a 
result of oxidation together with the compression in the contact zone, 
these small oxidised wear particles can be agglomerated and form the 
observed powdery wear debris. The generated wear debris can be 
retained in the contact and act as an abrasive between the contact 
surfaces. 

The adhesion between two contacting bodies can also be supported 
by diffusion theory [19] since the surface free energy and density of 
defects in the crystal structure of materials influence the adhesion. 
Lowering of the isothermal transformation temperature, increases the 
dislocation density and cause the refinement of microstructure as was 
discussed in section 3.3. The higher number of defects such as vacancies 
and dislocations increases the rate of atom diffusion into materials and 
thereby promotes adhesion. Furthermore, the boundaries between 
different grains and phases in the microstructure exhibit higher free 
energies than non-interface regions. Thus, refinement of the micro-
structure can increase the area with higher surface energy. 

Fig. 11. Average surface roughness values before and after the wear test at different sliding speeds: (a) disc specimen and (b) pin specimen.  
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Fig. 12. Surface topography of worn surfaces: (a) pin specimen-0.25 m/s, (b) pin specimen-0.5 m/s, (c) disc specimen-0.25 m/s and (d) disc specimen-0.5 m/s.  

Fig. 13. SEM and EDS analyses of worn surface: (a) disc specimen-Bain 320oC-0.25 m/s, (b) disc specimen-Bain 250oC-0.5 m/s, (c) pin specimen-Bain 230oC-0.25 m/ 
s, (d) pin specimen-Bain 230oC-0.5 m/s. 
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Fig. 14. SEM analyses of disc specimen after wear test: (a) Bain 250oC-0.25 m/s, (b) Bain 270oC-0.25 m/s, (c) Bain 270oC-0.5 m/s and (d) Bain 250oC-0.25 m/s.  

Fig. 15. SEM and EDS analyses of wear debris: (a), (b) and (e) 0.25 m/s, (c), (d) and (f) 0.5 m/s.  

P.V. Moghaddam et al.                                                                                                                                                                                                                        



Tribology International 150 (2020) 106348

11

Consequently, adhesion is promoted by decreasing the austempering 
temperature. This can explain the observed inverse relationship between 
wear resistance and austempering temperature for carbide-free bainitic 
steels under the adhesive-dominated wear conditions. 

3.5.3. XRD analyses on worn surfaces 
In order to investigate the transformation of retained austenite to 

martensite during the sliding wear process, XRD analyses of the worn 
surfaces were carried out. Fig. 16 illustrates the X-ray diffraction pat-
terns prior to and after the wear tests. As can be observed, the intensity 
of retained austenite reflections are significantly reduced after the wear 
test confirming that martensitic transformation can also occur at the 
lower sliding speeds. 

3.5.4. Cross section analyses 
Fig. 17 shows the microstructural changes underneath the worn 

surface after the sliding wear at a sliding speed of 0.5 m/s. The cross 
section of worn surface is composed of plastically deformed region (zone 
2) and unaffected base material (zone 1). Within zone 2, the material 
undergoes large strains and microstructure refinement occurs as 
approaching toward the contact surface. Furthermore, there is a trace of 
non-uniform, porous and a very thin compositional layer for the 
quenched and tempered sample tested at the sliding speed of 0.5 m/s. 
The presence of a very thin compositional mixed layer can prevent 
metal-to-metal contact and thereby, promote mild wear. This can 
explain the lower wear rate of samples at sliding speed of 0.5 m/s 
compared to the lower and the higher sliding speeds tested. 

Cross sectional SEM micrographs of samples tested at a sliding ve-
locity of 0.25 m/s are shown in Fig. 18. There is no evidence of a thick 
compositional mixed layer at a low sliding speed of 0.25 m/s. The 
subsurface of the worn surface mainly exhibits the plastically deformed 
region (zone 2). This implies that the plastic deformation behaviour of 
materials plays a crucial role in determining the wear performance at 
this sliding speed. Furthermore, the thickness of zone 2 is larger for the 
sample austempered at 320 �C compared to the sample austempered at 
230 �C. The thickness of zone 2 for the samples austempered at 230 �C 

and 320 �C are approximately 4.15 μm and 5.96 μm, respectively. 
Therefore, the austempered sample at 320 �C underwent relatively 
higher plastic deformation. As is illustrated in Fig. 18d, in the sample 
austempered at 320 �C, the microstructure close to the contact surface is 
considerably more refined compared to austempered sample at 230 �C 
and is nearly aligned parallel to the direction of sliding. Furthermore, 
the thickness of plastically deformed region in zone 2 increases with 
increasing of the sliding speed. The thickness of zone 2 for the sample 
austempered at 230 �C are approximately 4.17 μm and 5.61 μm for the 
sliding speeds of 0.25 m/s and 0.5 m/s, respectively. 

3.5.5. Microhardness profile 
The results of microhardness measurements along the cross sections 

of all the samples tested at 0.25 m/s and 0.5 m/s are shown in Figs. 19 
and 20, respectively. During the wear process, a significant hardness 
increase occurs on the worn surface and the deformed region beneath 
the worn surface up to a certain depth. The increase in hardness can be 
attributed to strain hardening and transformation of meta-stable 
retained austenite to martensite (TRIP effect). The XRD analyses on 
the worn surfaces corroborate that martensitic transformation takes 
place as a result of wear. 

To understand the effect of plastic deformation and surface hard-
ening on wear behaviour of various microstructures, the differences 
between the bulk hardness and hardness on the worn surface together 
with wear rate of all the samples tested at 0.25 m/s and 0.5 m/s are 
given in Tables 5 and 6. The results indicated that the hardness incre-
ment increases with increasing the austempering temperature. This can 
be attributed to higher retained austenite content and stability together 
with lower dislocation density for the sample austempered at higher 
isothermal temperature. 

The formation, growth and rupture of adhesive junction depends 
heavily on the plastic deformation behaviour of materials such as 
hardness, toughness and work hardenability. However, these properties 
are inter-connected and their influence on the adhesive wear is complex. 
At the sliding speed of 0.25 m/s where adhesion is the dominant wear 
mechanism, a carbide-free bainitic microstructure with the highest 

Fig. 16. The results of XRD analyses of pin specimen (Bain-270 �C) prior to and after the sliding wear tests at 0.25 m/s and 0.5 m/s.  
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Fig. 17. SEM analyses of cross sections of the worn surfaces tested at 0.5 m/s: (a) schematic illustration of the different zones underneath the worn surface (adapted 
after [29]), (b) disc specimen-Bain 230 �C, (c) pin specimen- Bain 230 �C, (d) pin specimen-QT, (e) and (f) disc specimen-QT. 

Fig. 18. SEM analyses of cross sections of the worn surfaces tested at 0.25 m/s: (a) pin specimen-Bain 230 �C, (b) disc specimen-Bain 230 �C, (c) pin specimen-Bain 
320 �C and (d) disc specimen- Bain 320 �C. 
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content and stability of retained austenite offers the best wear resis-
tance. This implies that the increase of work hardening capability 
through the martensitic transformation results in lower wear rate. The 
formation of adhesive junctions requires some degree of plastic defor-
mation to establish a contact area. Thus, a microstructure with a larger 
extent of plastic deformation has more tendency to form strong adhesive 
junctions. However, the removal of material also depends on work 
hardening capacity of materials. The resistance to fracture of the ma-
terial increases with increasing the ability of materials to plastically 
deform before rupture. Therefore, the austempered sample at 320 �C 

with the higher degree of deformation exhibits the higher resistance to 
removal of material through adhesive wear. 

Furthermore, the higher work hardening capacity of the material can 
also reduce the delamination of transferred material and formation of 
wear particles. The formation of wear particles is accompanied by severe 
plastic deformation, crack initiation, propagation and eventually frac-
ture. The growth of a crack can be blunted when it reaches the retained 
austenite phase. The crack tip strain field can trigger the martensitic 
transformation. The transformation of retained austenite to martensite is 
associated with volumetric expansion. Since the volumetric expansion is 
inhibited by the adjacent bainitic ferrite laths, martenisitc trans-
formation induces internal compressive stresses and thereby improves 
the resistance to crack propagation. Furthermore, crack propagation can 
be further retarded by absorbing the crack energy through the 
martensitic transformation. Thus, the higher content and stability of 
retained austenite in the sample austempered at 320 �C lead to lower 
rate of material removal through the rupture of adhesive junction and 
delamination of transferred materials. 

Zum Gahr [19] also pointed out that the enhanced work hardening 
capability can result in lower wear intensity providing that the effect of 
recovery processes on wear are not significant. The flow stress increases 
with increasing work-hardening capability of materials. As was shown in 
Fig. 6, the temperature of the pin specimen decreases with the sliding 
speed. Therefore, at the sliding speed of 0.25 m/s, materials are less 
subjected to recovery processes compared to the other sliding speeds. 
Dumbletton and Douthett [30] showed that transformation of austenite 
to martensite can result in improved wear resistance of austenitic steel 
only under the operating conditions leading to low temperature at the 
contact interface. Myung Lee and Polycarpou [15] have studied the dry 
sliding wear behaviour of bainitic and pearlitic steels and showed that 
wear resistance of softer pearlitic steel can outperform harder bainitic 
steel owing to higher work hardening of pearlitic steels. Therefore, the 
extent of plastic deformation is an important parameter during the 
sliding wear under predominantly adhesive conditions. 

The wear resistance of quenched and tempered steel can be attrib-
uted to the high surface hardness. It possesses more resistance to 
grooving wear caused by wear debris and transferred material. In 
addition, the high hardness of a tempered martensitic microstructure 
leads to lower tendency to adhesion since some degree of plastic 
deformation is needed to establish a contact area [26]. In this case, a 
very hard martensite phase can be more effective in decreasing the 
adhesion than bainitic ferrite. 

At a sliding of speed of 0.5 m/s, the intermediate conditions between 
adhesive and oxidative wear is established which result in mild wear 
rate. Therefore, a microstructure with a combination of hardness and 
work hardening capability results in improved wear performance. 

Fig. 19. Microhardness profile through the surface and subsurface of pin 
specimens tested at 0.25 m/s. 

Fig. 20. Microhardness profile through the surface and subsurface of pin 
specimens tested at 0.5 m/s. 

Table 5 
Results of hardness measurements on pin specimens before and after wear test at 0.25 m/s in correlation with wear rate.   

Bulk hardness (HV) Worn surface hardness (HV) Difference between worn surface and bulk hardness (HV) Specific wear rate (mm3/N.m) 

Bain-230�C 621 806 185 1.75E-05 
Bain-250�C 600 788 188 1.05E-05 
Bain-270�C 566 782 216 1.09E-05 
Bain-320�C 529 765 236 7.75E-06 
QT-350�C 668 798 130 9.07E-06  

Table 6 
Results of hardness measurements on pin specimens before and after wear test at 0.5 m/s in correlation with wear rate.   

Bulk hardness (HV) Worn surface hardness (HV) Difference between worn surface and bulk hardness (HV) Specific wear rate (mm3/N.m) 

Bain-230�C 621 824 203 5.65E-06 
Bain-250�C 600 816 216 5.38E-06 
Bain-270�C 566 818 252 3.83E-06 
Bain-320�C 529 829 300 6.23E-06 
QT-350�C 668 889 221 4.60E-06  
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4. Conclusions 

The sliding wear performance of nanostructured carbide-free bainite 
heat treated at different austempering temperatures has been studied 
and compared with tempered martensitic microstructure with the same 
composition. The main conclusions of this research work are as follows: 

� At low sliding speed and under predominantly adhesive wear con-
ditions, for the pin specimens, carbide-free bainitic microstructure 
with lower bulk hardness, higher retained austenite content and 
stability exhibits highest wear resistance compared to other 
microstructures.  
� Work hardenability outweighs the bulk hardness in improving the 

wear resistance of carbide-free bainitic microstructures under 
adhesion-dominated wear.  
� The lowest wear rate can be obtained at intermediate sliding speed of 

0.5 m/s for the pin specimens. At this sliding speed, both adhesion 
and oxidation are active and formation of a thin stable oxide layer 
results in mild wear compared to other test conditions.  
� At intermediate sliding speed of 0.5 m/s, for the pin specimens, a 

carbide-free bainitic microstructure with an optimum amount of 
retained austenite and bainitic ferrite offers the best wear resistance. 
Therefore, a combination of hardness and work hardenability is 
desired in this condition. 

In brief, there is no simple and general relationship between 
microstructure and sliding wear performance of carbide-free bainitic 
steels. Depending upon the dominant wear mechanism, the tribological 
response of carbide-free bainitic microstructure can be radically 
different. 
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