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Abstract 

The effect of isothermal transformation temperatures on wear performances of a 

newly designed high-silicon carbide-free bainitic steel was studied. Wear tests were 

performed by a ball-on-disc tribometer using steel spheres as counterpart material. 

Friction coefficient was provided by the equipment, whereas wear rate was 

evaluated by the wear volume. Wear tracks on disc surfaces and worn cross-sections 

were analysed by means FEG-SEM, EDS measurements, XRD, roughness, and 

hardness tests. Bainitic microstructure offers better wear resistance compared to 

pearlitic-ferritic microstructure due to higher hardness, strain hardening capability, 

and strain-induced transformations. Adhesion and tribo-oxidational wear are the 

main wear mechanisms; the extent of oxidation increases increasing austempering 

temperature and it is maximum for samples treated at 350 °C and pearlitic-ferritic 

microstructure. 

Keywords: carbide-free bainite, sliding wear, retained austenite, TRIP effect 

1. Introduction 

Over the last decades, several studies have been dedicated to the development of 

new bainitic steels whose composition is characterized by an interesting combination 

of tensile strength, ductility, and impact toughness [1–6]. In fact, as reported in the 

literature, these new steels can reach ultimate tensile strength (UTS) levels around 2 

GPa, total elongations above 20%, and fracture toughness values around 100 MPa 

m1/2 [7].  
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These steel grades, belonging to the 3rd generation of the advanced high-strength 

steels (AHSS), show a multiphase microstructure composed of carbide-free bainite 

with a significant volume fraction of stable carbon enriched retained austenite (RA) 

and martensite [8]. Such microstructure is obtained after austempering treatments. It 

consists of an austenitizing stage followed by rapid quenching and isothermal 

holding in a hot bath at a temperature between the bainite start (Bs) and martensite 

start (Ms) temperatures for a predetermined interval of time [9,10]. During the 

isothermal holding time, part of the austenite transforms into carbide-free bainite 

due to the presence of silicon and aluminum, which suppresses cementite 

precipitation [9,11]. Owing to the low solubility of carbon in ferrite, carbon is also 

rejected and enriches the austenite which becomes more stable and its retention at 

room temperature is favored [9]. An accurate alloy design guarantees low martensite 

start temperatures, which in turn allows performing isothermal treatments at very 

low temperatures, producing nanostructured bainite with excellent mechanical 

responses [3,12,13]. The addition of alloying elements, such as Cr, Mo, and V, in fact, 

could be added to refine the microstructure and modify Ms.  

The main peculiarity of RA is its capability to undergo martensitic transformation 

when subjected to mechanical stresses, thus enhancing material tensile strength, 

ductility, and delaying necking [9]. This phenomenon is named Transformation-

induced plasticity (TRIP) effect.  

As a matter of fact, the stabilization of retained austenite at room temperature is of 

primary importance. Retained austenite stability depends on several factors: carbon 

content, grain size, temperature, and morphology [9,14–17]. Higher carbon content 

and lower grain size favor more stable RA. Some studies reported that two 

morphologies of RA in carbide-free bainitic steels can be distinguished: a) blocky-

like and b) film-like retained austenite [8,9,18]. Blocky-like retained austenite is 

coarser and less rich in carbon in comparison with film-like retained austenite and 

mainly exists between the bainitic ferrite sheaves [19,20]. The blocky-like 

morphology contains many effective sites for martensitic nucleation and therefore 

higher is the driving force for the transformation. These characteristics make blocky-

like retained austenite more prone to undergo martensitic transformation during 

loading in comparison with the film-like retained austenite [8,21]. Carbon in blocky-

like RA is not homogenously distributed and martensitic transformation takes place 

at lower strain levels in grain regions with low carbon content. In contrast, the grain 

regions with higher carbon content only transform when the strain increases. On the 

other hand, film-like retained austenite is distributed between bainitic plates; 

moreover, it is the richest in carbon and it is characterized by the highest thermal 

and mechanical stability [22]. The large carbon enrichment, which can reach 2% [19], 
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leads to solution strengthening; this element is trapped at dislocation sites [23] that 

are active points for strain-induced martensite nucleation. 

According to the literature [8,24,25], carbide-free bainitic steels are promising 

materials also for applications in which high wear resistance is required such as 

heavy rails, rolling-element bearings, and gears [26]. Guo et al. [24] highlighted the 

superior two-body wear resistance of bainitic steels in comparison with that of 

quenched and tempered (Q&T) steels. The authors demonstrated that the improved 

tribological properties of carbide-free bainitic steels derived from an ultrafine 

microstructure and a higher hardness, which are favorable against abrasion damage. 

Similarly, Sourmail et al. [25] and Wang [27] investigated the mechanical and 

tribological properties of high silicon and high carbon bainitic steels. Their main 

results included improved wear rates in comparison with those of quenched and 

tempered steels or standard lower bainitic steels (LB) thanks to the destabilization of 

retained austenite, especially below the worn surface, that leads to hardness increase 

and delay in defects nucleation and propagation.  

A beneficial effect of small bainitic plates and high hardness on wear resistance was 

also reported by several authors. Yang et al. [24] and Mogdahham et al. [25] 

demonstrated that there is a proportional decrease in wear rate as isothermal 

treatment temperature decreases and as the microstructural refinement occurs. In 

fact, very fine microstructures show more resistance to the formation of a white 

etching layer (WEL) caused by severe and repeated plastic deformation.  

Jin and Clayton compared the wear resistance of carbide-free bainite steel to that of 

standard pearlitic rail steel demonstrating the possibility to achieve the same or even 

better tribological performance while withstanding very large plastic deformations 

[30]. Accordingly, the same authors pointed out that the TRIP effect plays a role of 

primary importance. Leiro et al. [7] justified the higher wear resistance of bainitic 

steels considering the strong work hardening and the microstructural evolution 

under wear conditions. The authors demonstrated that martensite generated by the 

TRIP effect is harder than that formed during the final cooling of the heat treatment. 

The TRIP-induced martensite also produces compression stresses which represent 

an obstacle to crack propagation and reduce the wear rate.  

Actually, the requirement from the industry regards new materials with high 

mechanical properties in order to reduce fuel consumption and costs and to improve 

the service life of the components. Thus, the investigation of new compositions is 

necessary, especially with a low amount of expensive alloying elements and with a 

carbon content that does not affect weldability. In this work, a newly designed steel 

with 0.38 % carbon and 3.2 % silicon was produced and isothermally treated at 
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temperatures of 250, 300, and 350 °C to obtain a carbide-free bainitic microstructure. 

In particular, the completely new composition was specifically designed to obtain 

low-cost, high-resistant steel with good weldability. The tribological behavior of this 

novel steel was for the first time studied in this paper in dry sliding conditions. The 

wear properties were compared with those of steels typical of heavy rails 

applications with the same chemical composition, but with a pearlitic-ferritic 

microstructure resulting from an annealing treatment. Microstructural changes after 

tribological tests and the main wear mechanisms were also investigated.  

2. Experimental procedure 

2.1 Alloy and heat treatment 

The studied alloy, whose chemical composition is shown in Table 1, was produced 

by vacuum induction melting (VIM) in the form of an ingot of 50 kg starting from 

high purity raw material. As can be seen in Table 1, a large amount of silicon was 

added to the alloy to prevent cementite precipitation during isothermal treatments 

[31,32]. The ingot was reheated at 1200 °C and hot-rolled in seven passes to obtain a 

20 mm thick plate. Cylindrical discs of 45 mm in diameter and 5 mm in thickness 

were then cut along the plate thickness and perpendicularly to the rolling direction, 

employing a wire electro-discharge machine (Sodick Europe Ltd., Warwickshire, 

United Kingdom).  

The discs were subjected to different heat treatments (annealing and austempering), 

which were designed according to previous works performed by the authors [33]. 

Prior to heat treatments, the onset of martensitic transformation and austenitizing 

temperatures (Ac1, Ac3) were experimentally determined by dilatometry 

(DIL805A/D, TA Instrument, Hüllhorst, Germany) [34]. The Ms temperature was 

equal to 245 °C, whereas the Ac1, and Ac3 temperatures were 778 and 834 °C, 

respectively. A scheme of heat treatments carried out on the samples is depicted in 

Figure 1, whereas the details concerning the process parameters used during the 

heat treatments are resumed in Table 2. Annealing treatment was performed after 

austenitization, in a Fours H&C (Fours H&C, Fernelmont, Belgium) electrical muffle 

furnace at 900 °C, with a heating rate of 10 °C/s, 5 minutes holding time, and cooling 

inside the furnace until room temperature. Austempering of discs with carbide-free 

bainitic microstructure was conducted as follows: austenitization in the electrical 

muffle furnace under the same temperature, heating rate, and time conditions plus 

quenching in salt baths at 250, 300, and 350 °C. The discs were then held in the baths 

for a time sufficient for the completion of the bainitic transformation, and finally, 

water cooled to room temperature. During each stage of the heat treatments, the 
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temperature of specimens was monitored by a K thermocouple (Delta OHM, 

Selvazzano, Italy).  

After the heat treatments, the samples were ground with fine SiC papers from grit 

size P320 to P2400, polished with clothes and diamond paste (6 and 1 µm) to 

minimize the surface roughness, and cleaned with ethanol. 

Table 1 Chemical composition of the studied alloy (wt.%). 

C Si Mn Al Cr Ni Mo Cu Fe 

0.38 3.2 2.65 0.1 0.05 0.05 0.02 0.05 Balance 

 

  

Figure 1 Scheme of the heat treatments carried out on the samples (red line is referred to the 

furnace cooling performed at the end of annealing treatment). 

Table 2 Details concerning the process parameters used during heat treatments (Tγ = 

austenitizing temperature, tγ = austenitizing time, Tiso = temperature of the salt bath, tiso= 

soaking time in the salt bath). 

Sample 

ID 

Tγ (°C) tγ (min) Tiso (°C) tiso (h) 
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250 °C 900 5 250 4.5 

300 °C 900 5 300 2 

350 °C 900 5 350 2.5 

Annealed 900 5 - - 

 

2.2 Microstructural analysis 

Standard metallographic techniques were employed for the preparation of the 

samples for microstructural analysis. Cross-sections (samples observed across the 

thickness of the metal) were obtained from the discs before and after wear tests by 

using the following procedure: a) cutting with SiC disks lubricated with a water-oil 

emulsion; b) mounting in conductive resin with graphite dispersed powder; c) 

grinding with SiC papers (320, 500, 800 and 1200 grit); d) polishing with clothes and 

diamond polycrystalline suspensions (6, 3 and 1 µm); etching with Nital 2 (2% nitric 

acid and 98% ethanol) solution.  

A Leica Cambridge Stereoscan LEO 440 (Leica Microsystems S.r.l., Milan, Italy) 

scanning electron microscope (SEM) and a Zeiss ULTRA 55 (Zeiss, Oberkochen, 

Germany) scanning electron microscope with high-resolution Schottky field 

emission gun (FEG-SEM) were used for microstructural observations on all heat-

treated samples. For microstructural analysis of carbide-free bainitic specimens, a 

Philips CM30 (Philips, Amsterdam, Netherland) transmission electron microscope 

(TEM) was also adopted, operating at 300 kV acceleration voltage. 

2.3 X-ray diffraction (XRD) 

Phase identification and quantification were carried out by a Siemens D500 X-Ray 

diffractometer (Siemens, Munich, Germany), with Cu Kα (and Kβ filtered) radiation 

tube, a 40 kV voltage, a 30 mA filament current, and a pattern acquisition from 40° to 

105° (2θ mode, 0.025° step scan, 3 s/step scanner velocity). Rietveld analysis was 

performed through Maud software (Version 2.96) [35] to calculate the volume 

fraction of retained austenite, amount of carbon in retained austenite, and austenite 

lattice parameter. Especially, the amount of carbon in retained austenite was 

determined using the following equation proposed by Dyson and Holmes [36] 
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                          (Eq. 1) 

where    stands for the weight percent of the element   and    is the austenite lattice 

parameter in Å. Prior to wear tests, the measurements were conducted in the center 

of the specimens. In agreement with the procedure described in [37], for avoiding 

the impact of the grinding operation, the preparation of XRD samples included 

cycles of etching and polishing to remove any deformed layer that could be formed 

during the grinding step. After wear tests, XRD measurements were carried out 

directly on the wear tracks.  

2.4 Microhardness tests 

Microhardness examinations were performed before and after wear tests by an 

EMCO DuraScan G5 (EMCO-TEST Prüfmaschinen GmbH, Kuchl, Austria) Vickers 

microhardness tester, with an applied load of 0.3 kg and a dwell time of 15 s. Each 

microhardness value is an average of 20 measurements. Microhardness profiles were 

also carried out on the cross-section of the worn specimens with a load of 0.05 kg 

and starting from three different points under the worn surfaces. The minimum 

distance between two consecutive indentations was at least three times the diagonal 

length.  

2.5 Wear tests 

Wear tests were performed by a TR20LE tribometer (Ducom Instrument, Bengaluru, 

India) in ball-on-disk configuration, under dry sliding conditions, and at room 

temperature, in accordance with the ASTM G99-17 standard [38]. Balls made of 

100Cr6 steel 6 mm in diameter were used as counterpart material. During 

experiments, discs were rotating while balls were pressed against them by dead 

weight loading and lever systems. The tribometer was also equipped with a load cell 

for frictional force measurement, an encoder for the control of the rotational speed, 

and a linear variable differential transformer (LVDT) sensor for wear evaluation. 

During the tests, the coefficient of friction (COF) was directly calculated by the 

equipment. Wear tests were conducted under a normal load of 20 N, at a sliding 

speed of 0.3 m/s and for a sliding distance of 2000 m. Three wear tests were carried 

out for each heat treatment conditions. Specific wear rate (SWR) of discs, expressed 

in mm3/Nm, was calculated according to Eq. 2 by measuring the cross-section area of 

the wear track with a Talysurf CCI-Lite non-contact 3D profilometer (Taylor-

Hobson, Leicester, UK). Each area value, as an average of four measurements of 

cross-section areas along the track, was used to determine the wear volume:  
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     (Eq. 2) 

where ΔV is the wear volume (mm3), L is the applied load (N) and D is the sliding 

distance (m). 

The surface topography of the worn surfaces was investigated by the same 

profilometer and the arithmetical mean height of the surface (Sa) was evaluated. 

Four readings were acquired at four different locations for each sample. The 

obtained results were then compared with the values of Sa achieved before wear 

tests. 

In order to identify the main wear mechanisms, the wear tracks on discs were 

observed by a Zeiss EVO MA 15 (Zeiss) scanning electron microscope equipped with 

an Oxford X-Max 50 (Oxford Instruments, Abingdon-on-Thames, UK) energy 

dispersive microprobe for semi-quantitative analyses (EDS). The SEM micrographs 

were recorded in secondary electron imaging (SEI-SEM) and back-scattered electron 

(BSE-SEM) mode. Finally, the cross-sections of worn samples were investigated by 

the same FEG-SEM microscope to identify the microstructural changes induced by 

the sliding motion between the mating materials.  

3 Results and discussion 

3.1 Microstructural characterization 

The microstructures observed on the cross-section of the heat-treated samples before 

wear tests are depicted in Figure 2. After austempering at 250 °C, the samples show 

a fine carbide-free bainitic microstructure. Scanning electron microscopy allowed the 

detection of the presence of bainitic ferrite alternated with film-like and blocky-like 

retained austenite (Figure 2a). Blocky-like retained austenite shows a micrometric 

size, while the film-like retained austenite sizes in the range of sub-micron. Sub-units 

of coalesced bainite are also observed in the microstructure, because of sub-units 

growth with the same crystallographic orientation [39]. As a result of increasing the 

isothermal treatment temperature (300 and 350 °C), a coarser carbide-free bainitic 

microstructure is formed (Figure 2b,c). In agreement with the literature [12,34,40], a 

comparison between the SEM micrographs in Figures 2a-c reveals that a finer 

microstructure is obtained at the lowest temperature for the bainitic reaction. 

Microstructural refinement is connected with the higher driving force for nucleation 

rate of bainitic ferrite, strength of undercooled austenite and impingement of newly 

formed sub-units achieved when the transformation temperature is lowered [41]. In 

addition, contrary to samples treated at 250 °C and 300 °C, martensite (α’) is also 

present in the microstructure of specimens treated at 350 °C, as demonstrated by the 
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authors in previous studies [34]. Finally, in Figures 2e,f, the FEG-SEM and TEM 

micrographs at high magnifications highlight the absence of cementite in bainitic 

ferrite, thus confirming the effective capability of silicon to avoid carbide 

precipitation [3]. 

After annealing, the specimens exhibit the typical microstructure of annealed 

hypoeutectoid steels, consisting of pearlite and primary ferrite (Figure 2d). The high 

amount of pearlite with respect to primary ferrite is due to the shift of the eutectoid 

point induced by the high contents of silicon and manganese added to the alloy [42]. 

 

Figure 2 (a-e) FEG-SEM micrographs of the microstructure observed on the cross-section of 

the heat-treated samples before wear tests showing, in the order, the microstructure after 

austempering at 250 °C consisting of bainitic ferrite (αb), film-like retained austenite (γf) and 
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blocky-like retained austenite (γb), the same microstructure after austempering at 300 and 

350 °C, with also martensite (α’), the pearlitic-ferritic microstructure after annealing (P: 

pearlite, αp: primary ferrite), and details of the absence of cementite in bainitic ferrite 

detected in austempered samples. (f) TEM micrograph of the specimens austempered at 300 

°C further confirming the effective capability of silicon to avoid carbide precipitation. 

3.2 Bulk microhardness 

The mean values ± standard deviations of bulk microhardness (HV0.3) of all samples 

before wear tests are presented in Table 3. As can be seen in the table, the mean bulk 

microhardness increases as the isothermal treatment temperature decreases. This 

increase may be attributed to the microstructural refinement and the increase in 

dislocation densities reached at lower transformation temperatures [12,37]. During 

bainitic transformation, sessile dislocations are formed due to the interaction of 

glissile dislocations at the slip planes [44], newly introduced sessile dislocations lead 

to hardness increase, strength, and resistance to plastic deformation [44,45]. As the 

isothermal treatment temperature increases, dynamic recovery can occur and the 

annihilation processes lead to a reduction in dislocation density [44]. Furthermore, 

thanks to the microstructural refinement achieved at a lower temperature for bainitic 

reaction, higher strength and hardness are possible due to the strengthening of the 

lath boundary [44]. 

Table 3 Mean values ± standard deviations of bulk microhardness (HV0.3) of all samples 

before wear tests. 

Sample ID HV0.3 

250 °C 561 ± 8 

300 °C 494 ± 5 

350 °C 458 ± 8 

Annealed 310 ± 10 

 

3.3 XRD analysis 
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The X-ray diffraction patterns of specimens after heat treatment are shown in Figure 

3, while the volume fraction of retained austenite, amount of carbon in retained 

austenite, and austenite lattice parameter for all samples in the same conditions and 

as determined by Rietveld analysis are presented in Table 4. The XRD patterns of 

annealed samples show the main reflections of α-iron (associated with bainitic 

ferrite), together with a number of minor reflections of γ-iron (associated with 

retained austenite). Decreasing in isothermal treatment temperature corresponds to 

an increase in the bainitic reaction rate; accordingly, an increase in bainitic ferrite 

content is observed. By lowering the isothermal treatment temperature, the amount 

of retained austenite also decreases, and its carbon content increases, in agreement 

with the general T0 curve, that determines the maximum carbon enrichment and 

degree of transformation possible at each isothermal transformation temperature, 

reported by Bhadeshia [41]. These results are comparable to those previously 

reported for austempered carbide-free bainitic steels [18,40,41]. In fact, several 

authors demonstrated that as the austenite supercooling increases, the bainite 

nucleation rate increases [34]. Irrespective of type of the heat treatment, the absence 

of cementite peaks also confirms the role of silicon in suppressing precipitation of 

this microstructural constituent, as supported by the microstructural observations 

through scanning and transmission electron microscopy. Concerning annealed 

samples, only reflections of α-iron (associated with ferrite) are visible in Figure 3. 
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Figure 3 X-ray diffraction patterns of all specimens after heat treatment. 

Table 4 Mean values ± standard deviations of volume fraction of retained austenite (Vγ), 

amount of carbon in retained austenite (Xγ), and austenite lattice parameter (aγ) for all 

samples after heat treatment, as determined by Rietveld analysis. 

Sample ID Vγ (%) Xγ (wt.%) aγ (Å) 

250 °C 12 ± 3 1.20±0.04 3.623±0.002 

300 °C 14 ± 3 1.11±0.04 3.619±0.002 

350 °C 16 ± 3 0.87±0.04 3.607±0.002 

Annealed - - - 

 

3.4 Wear data 

3.4.1 COF and wear rate 

The coefficient of friction variations with sliding distance together with the mean 

values ± standard deviations of coefficient of friction at the steady state for all heat-

treated samples are depicted in Figure 4. All curves show a running-in period (up to 

a sliding distance of about 250 m), during which the COF sharply increases probably 

due to the low contact surface area. In fact, at the beginning of the tests this area 

corresponds to discrete points (i.e., asperities) of the mating surfaces; accordingly, 

the load per area unit is very high. During sliding motion, the asperities are removed 

and the contact area increases [7,43-46]. As reported by some authors [45], the 

duration of the running-in period depends on the surface finishing and the chemical 

compositions of both the material before wear tests and the counter-body. It 

especially increases with increasing surface roughness. In this work, all specimens 

were characterized by the same finishing, therefore, the duration of the running-in 

period is almost independent of the heat treatment conditions. After this period, the 

coefficient of friction reaches a steady state, but the values fluctuate until the end of 

the tests (mostly in the case of annealed samples). This is may be linked to the 

occurrence of adhesive wear. Formation and fracture of adhesive junctions and the 

removal of transfer particles at the contact surfaces can induce rise and fall of the 
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frictional force which, in turn, can lead to peaks and local variations in the COF 

values [43]. 

 

Figure 4 COF variations with sliding distance together with the mean values ± standard 

deviations of coefficient of friction at the steady state for all heat-treated samples.  

As can be seen in Figure 4, the mean coefficient of friction at the steady state is not 

influenced by the microstructure before wear tests, with all mean values falling 

within a range between 0.547 and 0.574. These values are similar to those previously 

reported in [47]. However, the tribological behavior of the steel examined is affected 

by the microstructure after heat treatment, it can be demonstrated that the wear 

resistance is strictly linked to the initial microstructure, from which the original 

hardness derives and to the microstructural changes and mechanical properties of 

the portions of material close to the wear surfaces. 

The mean specific wear rates for all heat-treated samples are shown in Figure 5. 

Considering austempered samples, the mean SWR increases with increasing 

isothermal treatment temperature from 7.82E-05 to 1.68E-04 mm3/(Nm). Therefore, 

as demonstrated in Subsection 3.4.3, the carbide-free bainitic microstructure with the 

lowest content of retained austenite and the highest amount of carbon in retained 

austenite (as a stabilizing element of this phase) exhibits the best wear performance. 
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Finally, the mean specific wear rate of pearlitic-ferritic specimens is the highest and 

equal to 7.09E-04 mm3/(Nm).  

 

Figure 5 Mean specific wear rates for all heat-treated samples (error bars represent standard 

deviation). 

3.4.2 Analysis of the worn surfaces 

In Table 5, the mean values ± standard deviations of the arithmetical mean height of 

the surface (Sa) for all heat-treated samples before and after wear tests are listed. 

Before wear tests, the surface roughness of the specimens is similar and consistent 

with the finishing procedure employed for the preparation of the discs. Irrespective 

of the type of heat treatment, Sa increases after wear tests. The final mean values of 

the arithmetical mean height of the surface are maximum for annealed samples and 

between 0.741 and 1.169 μm for the austempered ones. 

Table 5 Mean values ± standard deviations of the arithmetical mean height of the 

surface (Sa) for all heat-treated samples before and after wear tests. 

Sample ID 

Sa (μm) 

Before wear After wear 

250 °C 0.053 ± 0.006 0.851 ± 0.247 
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300 °C 0.032 ± 0.014 0.741 ± 0.332 

350 °C 0.041 ± 0.007 1.169 ± 0.369 

Annealed 0.048 ± 0.006 2.665 ± 0.476 

 

 

Figure 6 The 3D isometric views of the wear tracks observed on the discs: (a) 

austempered at 250 °C; (b) austempered at 300 °C; (c) austempered at 350 °C; (d) 

annealed. 

Examples of 3D surface textures of the worn surfaces of all heat-treated discs are 

shown as 3D isometric views in Figure 6a–d. All wear tracks mainly consist of deep 

scratches and coarse grooves. The worn surfaces of samples austempered at 250 °C 

appear slightly smoother than those of the other heat-treated specimens. A certain 

amount of metal transfer can also be detected on the wear tracks of all discs, 

especially on one edge of the tracks of annealed samples. 
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The SEI-SEM micrographs of the wear tracks observed on the heat-treated discs are 

reported in Figure 7. In all cases, the morphology of worn surfaces suggests that 

adhesion and tribo-oxidational wear are both active during sliding motion. For most 

steels, oxidation of the asperities takes place due to the reaction with oxygen in the 

atmosphere, thus generating a thin layer of native iron oxide on fresh surfaces [49]. 

When the load is applied, this oxide fractures, and new metal is available for the 

development of strong adhesive junctions at the contact interfaces. During sliding 

motion, these junctions are subjected to plastic deformation, compressive and 

tangential shear stresses. The slip of adhesive bonds may, therefore, occurs and 

shear bands can form on the worn surfaces [50]. The initiation and propagation of 

cracks provoked by the inability of the material in accommodating further plastic 

deformation then induce the generation of scale-like shear fractures similar to those 

visible in Figure 8a. These fractures are an index of metal transfer between mating 

surfaces [51]. The tribolayer can be retained on the wear track, undergoing work 

hardening and severe oxidation, until it reaches a critical thickness. Then it spalls off 

in the form of wear debris [49]. The created wear particles may be embedded into 

one of the surfaces, resulting in two-body abrasive wear; alternatively, the same 

particles can freely move between the surfaces, causing three-body abrasive wear 

[44]. Especially, the appearance of deep scratches and coarse grooves on the wear 

tracks (Figure 8b), already detected by non-contact 3D profilometry (Figure 6), 

supports the occurrence of these latter wear mechanisms. The fluctuations of 

coefficient of friction with sliding distance in Figure 4, together with the observed 

metal transfer, scratches, and grooves on the wear tracks also support the hypothesis 

that adhesion is one of the main wear mechanisms. The wear debris may lastly 

experience deformation and fragmentation. As a result, smaller wear particles with 

high surface energy are generated and readily oxidized [49]. The compression 

stresses in the contact zone favor agglomeration of these particles and the formation 

of the powdery wear debris observed in Figure 8c. Comparing the micrographs in 

Figure 7, it can be pointed out that the width of the wear tracks on samples 

austempered at 250 °C is the lowest. This confirms the best tribological performance 

displayed by the specimens heat-treated at the lowest isothermal treatment 

temperature. Moreover, the amount of material build-up is maximum for annealed 

samples and preferentially located at one edge of the wear track (details in Figure 

8d), as already detected by non-contact 3D profilometry. 
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Figure 7 SEI-SEM micrographs of the wear tracks observed on the discs: (a) 

austempered at 250 °C; (b) austempered at 300 °C; (c) austempered at 350 °C; (d) 

annealed. 
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Figure 8 SEI-SEM micrographs of some details observed on the wear tracks of heat-

treated discs: (a) scale-like shear fracture on samples austempered at 250 °C; (b) deep 

scratches and coarse grooves on specimens austempered at 300 °C; (c) powdery wear 

debris on samples austempered at 350 °C; (d) material build-up at one edge of the 

tracks on annealed specimens. 

The SEM/EDS mapping of elemental distribution on the wear tracks of heat-treated 

samples is depicted in Figure 9. The EDS maps confirm the presence of metal 

transfer and oxidized wear debris on the worn surfaces. For the austempered 

specimens, the extent of oxidation increases with increasing the isothermal treatment 

temperature. In agreement with previous research [51], lowering this temperature 

refines the microstructure and increases the boundaries between grains and the 

number of defects (i.e., the areas with high surface energy). Accordingly, adhesion is 

promoted. Finally, the amount of oxidation on annealed samples is similar to that 

achieved on discs austempered at 350 °C. 
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Figure 9 From the left: BSE-SEM micrographs of the wear tracks observed on the 

heat-treated discs; layered images of X-ray maps and maps of the elemental 

distribution of iron and oxygen on the same tracks. 

3.4.3 XRD on wear tracks 

The X-ray diffraction patterns of all specimens after wear tests are shown in Figure 

10, whereas comparison between peaks of different crystallographic planes (γ{111} 

and α{110}) of austempered samples before and after wear tests is reported in Figure 

11. Considering austempered samples, after wear tests the intensity of the peaks 

related to retained austenite is decreased, thus suggesting the occurrence of 

martensitic transformation during sliding motion against the counterbody (Figure 

10). Nevertheless, it is not possible to discriminate martensite peaks from those 

attributed to bainitic ferrite due to low angle separation (Figure 11) [52]. Concerning 

annealed samples, no major changes in diffraction patterns are detected after wear 

tests.  
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Mean values ± standard deviations of volume fraction of retained austenite (Vγ) in 

worn austempered samples together with the percentage reduction of the same 

parameter (ΔVγ) after wear tests, as determined by Rietveld analysis, are reported in 

Table 6. According to Rietveld analysis, more than 60 % of retained austenite 

transforms into martensite during wear tests. In addition, the specimens 

austempered at 250 °C, showing the best tribological performance in terms of wear 

rate, exhibit the most stable retained austenite, as confirmed by the lowest value of 

ΔVγ. In agreement with the literature, the high work hardening capability and 

stability of RA lead to the best wear response [51–54]. 

 

Figure 10 X-ray diffraction patterns of all specimens after wear test. Jo
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Figure 11 Comparison between peaks of different crystallographic planes (γ{111} and 

α{110}) of samples austempered at 250 °C (a), 300 °C (b), and 350 °C (c) before and after wear 

tests.  

Table 6 Mean values ± standard deviations of volume fraction of retained austenite (Vγ) in 

worn austempered samples together with percentage reduction of the same parameter 

(ΔVγ) after wear tests, as determined by Rietveld analysis. The results come from the 

comparison with those in Table 4.  

Sample ID Vγ (%) ΔVγ (%) 

250 °C 4± 3 67 % 

300 °C 5 ± 3 64 % 

350 °C 5 ± 3 68 % 

 

3.4.4. Microstructural analysis of worn cross-sections 
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The SEM micrographs of the microstructure observed on the cross-section of the 

austempered samples before and after wear tests are shown in Figure 12. In 

agreement with results previously reported in the literature [44,53], three different 

zones can be recognized in the sub-surface regions of all discs (Figure 12b, e, and h). 

Starting from the worn surface, there is a heavy plastically deformed and oxidized 

layer (zone A), whose thickness increases with increasing the austempering 

temperature from 250 to 350 °C. In this zone, the alignment of microstructural 

constituents along the counter body sliding direction is also visible, together with the 

fragmentation of bainitic ferrite (Figure 12c, f, and i). No cracks are detected in zone 

A of the specimens austempered at 250, 300, and 350 °C, evidencing the ability of 

carbide-free bainitic microstructures in accommodating severe plastic deformations 

and preventing crack initiation and propagation below the worn surfaces [53]. This 

is may be due to the barrier effect exerted by the high plastic stability of retained 

austenite and by the numerous interfaces between bainitic ferrite and retained 

austenite, which can hinder the mobility of dislocations, nucleation and propagation 

of cracks [55]. At higher magnification, non-etched portions of material are observed 

very close to the worn surfaces of discs austempered at 250 and 300 °C (Figure 12c 

and f). The presence of these featureless areas, probably deriving from the strain-

induced transformation of retained austenite into martensite (TRIP effect), may 

support the results of X-ray diffraction measurements performed on the wear tracks, 

where significant reductions of the volume fraction of retained austenite are found. 

As pointed out by Chang [26], the non-etched regions are also responsible for the 

superior tribological performance of carbide-free bainitic samples, thanks to the 

formation of a hard phase and the introduction of crystallographic defects inside the 

material. Furthermore, the effect of silicon in preventing carbide precipitation 

reduces the probability of nucleation of defects, so long as they are sites of stress 

concentration.  

In zone A of discs austempered at 350 °C, spallation occurs and some pits appear 

over the wear tracks (Figure 12i). The weakness of the coarse microstructure of these 

specimens is also highlighted by the presence of several micro-voids uniformly 

distributed below in the sub-surface regions. For samples heat-treated at 350 °C, 

strength of the material is limited in comparison with that of samples austempered 

at 250 and 300 °C, thus the microstructure is more prone to present defects. Thicker 

bainitic ferrite plates, combined with coarser and less stable retained austenite affects 

the tribological performance of steel [9]. In all austempered samples, a zone B is then 

individuated. This zone is characterized by a plastically deformed microstructure, 

once again oriented along the counter body sliding direction. Finally, the Zone C 

corresponds to the unaffected bulk material. A schematic illustration of the layered 
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microstructure highlighted on the cross-section of carbide-free bainitic steel after 

wear tests is reported in Figure 13. 

The SEM micrographs of the microstructure observed on the cross-section of the 

annealed samples before and after wear tests are shown in Figure 14. The scanning 

electron microscope examinations revealed that the extent of severe plastic 

deformation is maximum for pearlitic-ferritic microstructure (Figure 14b). A higher 

number of shallow pits (due to the spallation occurrence), primary and secondary 

cracks nearly parallel to the worn surface and fragmentation of cementite lamellas 

are observed in the sub-surface regions close to the wear tracks (white, red, and 

green arrows in Figure 14b, respectively). Defects in Figure 14b and c suggest the 

triggering of fatigue phenomena during wear tests, as also proposed by Neong et al. 

[56]. In Figure 14b, non-etched portions of material are identified very close to the 

worn surfaces of discs. These regions probably result from localized austenitization 

and subsequent cooling that lead to the formation of martensite [57]. As for the 

austempered specimens, a plastically deformed zone with cracks inside ferritic 

grains (Figure 14d) and the unaffected bulk material are then individuated at a 

certain distance from the worn surfaces. 

 

Figure 12 FEG-SEM micrographs of the microstructure observed on the cross-section of the 

austempered samples, before (a,d,g) and after wear tests. (b,e,h) Overview of the layered 

sub-surfaces. The red dashed lines indicate the boundaries between layers. From top to 
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bottom: heavy plastically deformed and oxidized zone (A), plastically deformed material 

(B), bulk material (C). The red arrow in (b) shows the counterbody sliding direction. (c,f,i) 

Details of zone A detected in the same samples. The red arrows in (i) evidence some pits and 

microvoids in the specimens austempered at 350 °C. 

 

Figure 13 Schematic illustration of the layered microstructure highlighted on the cross-

section of carbide-free bainitic steels after wear tests. 

 

Figure 14 FEG-SEM micrographs of the microstructure observed on the cross-section of the 

annealed samples before (a) and after wear tests. (b) Overview of the worn sub-surfaces. The 

white arrows indicate some pits visible on the wear tracks, whereas the red and green 
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arrows highlight cracks and fragmentation of cementite lamellas, respectively. (c,d) In the 

order, details of cracks below the worn surfaces and inside the ferritic grain (red arrows). 

3.4.5 Microhardness profile 

The Vickers microhardness profiles (HV0.05) of the cross-sections of all heat-treated 

samples after wear tests, at different distances (μm) from the sliding interface, are 

depicted in Figure 15. In all cases, a significant increase in microhardness is 

observed. For all heat treatment conditions, this increase may be attributed to the 

occurrence of several phenomena such as strain hardening, a raise in dislocation 

density, and an increase in shear stresses induced in close proximity of mating 

surfaces by the sliding motion against the counterbody. For carbide-free bainitic 

samples, a further increase in microhardness is achieved by the TRIP effect, as 

demonstrated by XRD measurements of the wear tracks and microstructural analysis 

of worn cross-sections. The samples austempered at 250 °C exhibits the highest final 

microhardness. This is due to the highest carbon content in the most stable retained 

austenite and to the high energy input required to start the bainitic transformation 

[41]. In addition, in agreement with Hasan et al. [58], the decrease in microhardness 

in our pearlitic-ferritic microstructure is less sharp than that in the carbide-free 

bainitic microstructures. The same authors pointed out that, irrespective of the 

microstructure, the thickness of the hardened layer decreases with decreasing the 

initial microhardness. 
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Figure 15 Vickers microhardness profiles (HV0.05) of the cross-sections of all heat-treated 

samples after wear tests, at different distances (μm) from the sliding interface.  

4. Conclusions 

The wear performance of a high silicon carbide-free bainitic steel with newly 

developed chemical composition and isothermally treated at temperatures of 200, 

250 and 350 °C are investigated and compared with those of a pearlitic-ferritic steel 

with the same composition. The outputs of the research are as follow: 

 Carbide-free bainitic microstructure exhibits lower wear rate in comparison 

with the pearlitic-ferritic microstructure. The outstanding performance of the 

carbide-free bainitic microstructure derives from its higher hardness, strain 

hardening capability and from the TRIP effect. Especially, the strain induced 

transformation of the C-rich retained austenite into martensite leads to an 

improve of the tribological properties, through the further hardness increase 

and the suppression of nucleation. 

 By reducing the austempering temperature, the wear rate of the material is 

also improved thanks to the high microstructural refinement deriving from 
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the formation of bainite at temperature close to Ms and to the higher 

mechanical stability of retained austenite. 

 Finally, adhesion and tribo-oxidational wear are the main wear mechanisms. 

The extent of oxidation increases with increasing the austempering 

temperature and reaches the maximum level for the samples austempered at 

350 °C and pearlitic-ferritic microstructure.  
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