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Abstract: High-temperature tribology, which is often involved during hot metal forming, is controlled via 

oxidation on a rubbing surface. However, for high chromium stainless steel (ST), where oxidation is strongly 

inhibited, the effect of counterface materials on tribological behavior is yet to be elucidated. In this study, the 

effects of counterfaces on the tribological behavior of 253MA ST and mild steel (MS) are investigated via a 

ball-on-disc test at 900 °C using a 20 N load. The results reveal that high-speed steel (HSS) experiences severe 

abrasive wear with MS and causes severe sticking problems with ST. Si3N4 and SiC present substantially 

stronger abrasive wear resistance than HSS with MS, and the friction coefficients are dependent on the type of 

ceramic. Both ceramics can facilitate the establishment of a thick tribo-oxide layer (> 3 μm) on ST to prevent 

sticking; however, this is accompanied by severe pull-out and fracture wear. The effects of the counterface on 

the mechanical properties of the tribo-oxide layer, near-surface transformation, and the responses of the 

tribo-oxide layer to friction and wear are discussed. This study contributes to the understanding of interfacial 

tribological behaviors when different types of tools are used on MS and ST. 
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1  Introduction 

The majority of tribological studies regarding metallic 

materials are restricted to room temperature. Only a 

few are conducted at high temperatures, and they 

typically involve industrial applications in internal 

combustion engines, power generation, aerospace, 

and hot metal forming operations such as hot rolling, 

hot stamping, high-speed machining, and hot 

drawing of tubes. Significant changes in morphology, 

microstructure, and mechanical properties, as well as 

heavy oxidation, and rapid diffusion at the tribo- 

surface occur when materials are exposed to high 

stresses and temperatures; these factors and their 

interactions complicate high-temperature tribology. 

Some studies have been conducted to understand 

the tribo-interface evolution at high temperatures. 

Blau [1] reported that the response of sliding interfaces 

at high temperatures is governed by at least three 

factors: the mechanical properties of the products 

formed on the sliding surface, the tendency of products 

to form stable tribo-layers, and the resistance of the 

bulk metals in the subsurface to deformation and 

fracture. The wear behavior during high-temperature 

sliding is primarily controlled by the contact conditions 

and the nature of the oxide layer formation. The 

transition from severe adhesive/abrasive to mild 

oxidative wear in high-temperature tribology can be  
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achieved if a compact and smooth load-bearing 

tribo-layer is established. The tribo-layers are formed 

through the oxidation, agglomeration, compactness, 

and sintering of fine metallic debris under high 

pressures, and high temperatures are favored [2–4]. 

Hence, the oxide scale on the sliding surface of metals 

is beneficial to wear resistance. However, for high 

chromium stainless steels (STs), oxidation is inhibited 

significantly by the formation of a self-healing protective 

chromium layer (Cr2O3 or (Fe1–xCrx)2O3) at high 

temperatures; this layer can prevent the outward 

diffusion of iron and inward diffusion of oxygen, 

thereby resulting in several problems during hot 

forming, such as the non-uniform wear of the tool and 

the sticking phenomenon. Furthermore, investigations 

into the tribological behaviors of ST are scarce. 

The tribological behavior between ST and tools 

are governed by several factors and has received 

insignificant attention. Roy et al. [5] investigated the 

tribological behavior of PM 1000 alloy and 100Cr6 

against 253MA alloy from room temperature to 1,073 K 

and discovered that transfer, mechanically mixed, 

and composite layers were formed in sequence with 

increasing temperature, where the 100Cr6/253MA 

tribo-pair did not form a transfer layer at room 

temperature. The wear of the 253MA alloy depended 

significantly on the oxidation characteristics of the 

mating surfaces. Cheng et al. [6, 7] investigated the 

friction and wear of high-speed steel (HSS) and FSS445 

ferritic stainless steel by performing pin-on-disc 

tests at 850 and 900 °C; the results showed that the 

formation of a Cr2O3 layer can reduce and stabilize 

the friction coefficient while causing abrasive wear to 

counter the HSS pin. Prior to the formation of Cr2O3, 

the HSS pin indicated dominant adhesive wear. 

Therefore, when used with ST, the desired tool 

materials shall present strong adhesion resistance prior 

to the formation of Cr2O3, as well as strong abrasion 

resistance when the Cr2O3 scale was established. 

Ceramic tools are ideal candidates fulfilling the 

above-mentioned requirements; they are superior  

to HSS in terms of retaining excellent mechanical 

strength, high dimensional tolerances, strong oxidation 

resistances at high temperatures, and relatively low 

reactivities with iron [8, 9]. These favorable properties 

render ceramic tools highly suitable for high- 

temperature tools such as isothermal forging dies, 

forming dies, metalworking rolls, cutting tools, and 

wire-drawing dies [10–12]. Wan et al. [13] investigated 

the friction and wear performances of four types of 

tool materials (GCr15, ZrO2, SiC, and Si3N4) against 

interstitial-free steels on a pin-on-disc tribometer 

using a load of 10 N, a temperature of 800 °C, and a 

linear velocity of 0.1 m/s. The results revealed that 

SiC and Si3N4 produced higher friction coefficients 

but substantially lower wear rates; SiC and Si3N4 

presented wear losses of only 20% and 30% of those 

of GCr15 and ZrO2, respectively. The authors attributed 

the tribological behaviors of SiC and Si3N4 to their 

excellent abrasion resistance and the formation of 

iron silicate compounds on their surfaces under high 

shear stresses and temperatures. However, based on 

literature survey conducted by the authors, ceramic 

materials are rarely tested against high-chromium 

ST at high temperatures.  

In this study, the tribological behavior of three tool 

materials (high-speed steel, Si3N4, and SiC) against 

mild steel (MS) and high-chromium ST was investigated 

using a ball-on-disc tribometer at 900 °C, in which 

the formation of oxide scale was a key variant. The 

formation of tribo-oxide and near-surface-transformed 

layers at elevated temperatures were analyzed  

using secondary electron microscopy (SEM), energy- 

dispersive X-ray (EDX), and three-dimensional (3D) 

surface profilometry, and their relation to friction and 

wear responses was interpreted.  

2 Materials and experimental details 

2.1 Materials 

Three types of tool materials were tested in this study: 

the M50 HSS ball (manufactured by McMaster–Carr 

Co., Ltd., USA), a Si3N4 ball (manufactured by Jiaxing 

Jienaier Cemented Carbides Co., Ltd., China), and a SiC 

ball (manufactured by Ketai Ceramic Co., Ltd., China). 

All three balls had a diameter of 6.3 mm, and their me-

chanical properties are presented in Table 1. As shown 

in Table 1, both the hardness and Young’s modulus 

increased in the order of HSS, Si3N4, and SiC, whereas 

Si3N4 indicated a higher fracture toughness than SiC. 

Atlas 253MA (developed by Avesta Polarit, Sweden) 

is an austenitic, chromium-nickel ST that offers excellent 

properties at high temperatures as well as ease of  
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Table 1 Dimensions and mechanical properties of tested tool 
materials. 

Tool 
materials 

Hardness  
(GPa) 

Young’s 
modulus 

(GPa) 

Fracture 
toughness 
(MPa·m1/2) 

HSS 6.2 ± 0.2 161.5 ± 1.2 — 

Si3N4 19.5 ± 0.9 248.2 ± 4.3 6.5 ± 0.5 

SiC 34.9 ± 2.1 304.7 ± 2.9 4.5 ± 0.5 

 

fabrication. It exhibits strong oxidation resistance 

up to 1,150 °C by forming a thin, highly adherent 

protective oxide [14]. Atlas 253MA can maintain 

high strengths at elevated temperatures, as shown in 

Table 2; therefore, it is often used in a wide range of 

industrial applications at temperatures ranging from 

400 to 900 °C. Some of these applications require high 

wear resistances at high temperatures. The chemical 

compositions of a few types of steels measured via 

optical emission spectrometry (Oxford Instruments 

PMI-MASTER, Germany) are listed in Table 3. MS was 

tested as a reference, and the chemical composition 

of which is listed in Table 3 as well. 

2.2 Tribological tests  

The tribological behavior of the designed tool/ST and 

tool/MS tribo-pairs was investigated using a rotary 

ball-on-disc tribometer (UMT TriboLab, Bruker, 

Germany) at high temperatures in an air atmosphere. 

The tribometer was designed with speeds of 0.1– 

5,000 rpm and a torque up to 5 N·m. The test chamber 

was an electric heater wire furnace with a heating 

capacity of 1,000 °C and an accuracy of ±1 °C. Frictional 

sliding tests were performed after the furnace tem-

perature was increased to 900 °C and stabilized for  

5 min. For the test, 900 °C was selected because    

the sticking problem of high chromium ST typically 

occurs at such a temperature, at which the weakest 

combination of tensile strength and scale thickness is 

generated [10]. Hence, the prevention of the sticking 

of tool/high-chromium ST near 900 °C should be 

emphasized. The oxidized MS and ST surfaces had 

a roughness of 2.5 ± 0.4 and 0.84 ± 0.1 μm prior to 

sliding, respectively. Ball-on-disc tribological tests were 

conducted at a linear speed of 0.1 m/s and a normal 

load of 20 N. To ensure repeatability, all tests were 

repeated at least thrice. As reported previously in  

Ref. [3], the ball and disc have different temperatures 

in the high-temperature ball-on-disc configuration; 

when the disc temperature was set to 900 °C, the 

temperature of the ball only reached approximately 

680 °C. At the end of the sliding period, the motor 

and heating furnace were switched off, the ball was 

immediately removed from the furnace, and the disc 

was cooled in the furnace. 

The mechanical properties and microstructure 

transformation of steels will deteriorate at elevated 

temperatures; in this regard, the austenitization point 

(Ac3) is critical. The austenitization temperature is 

significantly affected by the alloy elements and contents. 

The empirical formula [15] to calculate Ac3 is as 

follows: 

    
  

3Ac 902 255C 11Mn 19Si 5Cr

13Mo 20Ni 55V
 

where Ac3 denotes the upper equilibrium temperature 

(°C) between ferrite and austenite. The austenitizing 

temperatures for MS and HSS were calculated to be 

approximately 860 and 780 °C; this implies that the 

MS was is in the austenite state, whereas the HSS 

remained as a martensitic matrix. 

Table 2 Mechanical properties of tested 253MA ST and MS at 900 °C [14, 16, 17]. 

 Yield strength (MPa) Ultimate tensile strength (MPa) Elongation (%) Reduction in Area (%) 

253 MA 79.3 169.6 — 92 

MS 40 75 1.8 — 
 

Table 3 Measured chemical compositions of different steels (wt%). 

Type of steel C Si Mn P S Cu Ni Cr Mo V 

HSS 0.825 0.25 0.25 0.0150 0.008 0.1 0.15 4.125 4.25 1 

ST 0.0843 1.492 0.681 0.0274 0.0050 0.212 10.677 21.009 — — 

MS 0.1356 0.1795 0.695 0.0087 0.0235 0.1807 0.0528 0.1444 — — 
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2.3 Characterization methods 

After performing high-temperature tribo-tests, the 

cross sections of the disc wear tracks were cut using  

a precision cut-off saw (Model Accutom-50, Struers, 

USA), hot mounted, and then cut again in the middle 

of the hot-mounted samples to ensure the good 

preservation of the brittle oxide scale. 

The microstructures of the tested steels were 

observed via SEM after they were grounded, polished, 

and etched with 5% Nital (300 mL of HCl, 15 mL of 

H2O2, and 100 mL of distilled water).  

Macrohardness measurements were performed 

using a HXD-1000TMSC/LCD mode hardness testing 

device (Shanghai Taiming Co., Ltd., China) with a 

hold time of 15 s and a 10 g load. Microhardness  

tests were performed using a G200 Nano Indenter 

(KEYSIGHT, USA) and a Berkovich nanoindenter 

with a radius of 120 nm. This equipment provides a 

loading capacity of 500 mN and delivers a displacement 

of less than 0.01 nm and a load resolution of 50 nN. 

A load of 2 g was employed to measure at least five 

positions for the same material phase. 

The oxidation behavior of grounded and polished 

ST (up to 1,050 °C) was analyzed using an in-situ high- 

temperature X-ray diffractometer (XRD, Ultima IV, 

Rigaku Corporation, Japan). XRD characterization 

was conducted at a scanning rate of 2 (°)/min and a 

step size of 0.02°. The heating rate of the sample was 

10 °C/min and a hold time of 10 min was set prior to 

the test. 

The worn scars on the balls were characterized via 

surface profilometry (Contour GT, Bruker, Germany) 

using Vision 64 software, and the wear tracks on the 

disc were analyzed using a Keyence VK-X100 laser 

scanning microscope. Both of these profilometers can 

be used to perform non-contact two-dimensional and 

3D measurements of the profile and roughness of the  

worn surface as well as capture high-resolution images 

using precision z-axis control.  

The cross-sectional micrographs and corresponding 

EDX analysis of the wear track were obtained using  

a JEOL JSM-6490L SEM microscope with a 30 kV 

conventional tungsten filament; additionally, JEOL 

JSM-7500FA, which is a 30 kV semi in-lens cold field 

emission gun SEM with a capability of 1.4 spatial 

resolution, was used to characterize the features at a 

higher resolution. 

3 Results  

3.1 Microstructure and mechanical properties of 

tested steels 

The microstructures of the MS and ST tested are shown 

in Fig. 1. The MS is composed of bulky ferrite and 

pearlite, and the ST is composed of austenite. The 

microhardness of the ST and MS were 110.3 ± 12.4 

and 117.7 ± 14.7 HV at room temperature, respectively.  

3.2 In-situ high-temperature XRD characterization 

of surface oxidation  

The ST was analyzed using an in-situ high-temperature 

XRD at various temperatures, as shown in Fig. 2(a). 

The results indicate the excellent anti-oxidation ability 

of the ST between 25 and 1,050 °C, and weak peaks 

belonging to (Fe0.6Cr0.4)2O3 were identified at 900 °C,  

 

Fig. 1 SEM images of microstructures of tested materials: (a) MS and (b) high-chromium ST after being etched using 5% Nital (300 mL 
of HCl, 15 mL of H2O2, and 100 mL water). 
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below which only slight oxidation was detected. 

These peaks further developed when the temperature 

increased to 1,050 °C. ST exhibits superior high- 

temperature oxidation resistance in dry oxidizing 

environments, primarily because of the formation 

of a Cr-rich surface oxide, -(Fe0.6Cr0.4)2O3. The peak 

shifted to a smaller diffraction angle at a temperature 

higher than the room temperature owing to thermal 

expansion [18]. Figure 2(b) shows a cross-sectional 

SEM image of the static oxidized surface heated to 

900 °C, in which a discontinuous and extremely thin 

oxide layer (< 1 μm) was observed. Based on the results 

shown in Fig. 2(a), these oxides were primarily com-

posed of (Fe0.6Cr0.4)2O3. 

3.3 Friction curves 

Figure 3 shows the representative frictional curves 

and mean friction coefficients averaged in the stable 

sliding period using different tool materials against MS 

and ST. For all the tribo-pairs, a transition from the 

running-in stage with a high and fluctuating friction 

coefficient to the steady-state stage was observed, 

accompanied by a progressive reduction in the 

friction coefficient owing to the gradual development 

of the stable tribo-layer [19]. The HSS and Si3N4 were 

more sensitive to the other steel grades than SiC 

during high-temperature sliding. HSS produced a 

higher friction coefficient with MS than with ST, 

whereas Si3N4 exhibited an opposite performance. 

The SiC generated similar friction curves in the 

stabilizing stage, regardless of the grade of the disc  

steels; the SiC/ST tribo-pair exhibited significantly 

fluctuating friction. 

The ball/ST tribo-pairs had substantially higher 

friction coefficients than the ball/MS tribo-pairs during 

the running-in stage. This is primarily attributed to 

the differences in the morphology, composition, and 

properties of the contacting interface. For ball/MS, 

prior to sliding, the MS surface was shielded by an 

88-μm-thick oxide scale with a surface roughness of 

2.5 ± 0.4 μm. This scale was composed of three layers 

(top Fe2O3, medium Fe3O4, and bottom FeO) [3]. For 

ball/ST, a discontinuous and extremely thin oxide 

layer (< 1 μm) was observed on the ST surface with a 

surface roughness (Ra) of 0.84 ± 0.1 μm. This oxide 

was primarily composed of spinel (Fe0.6Cr0.4)2O3, as 

shown by the XRD patterns in Fig. 2(b). A further 

analysis of the running-in period revealed that the 

highest friction coefficients generated by the ball/ST 

tribo-pairs (1.0–1.1) were nearly twice larger than 

those of the ball/MS tribo-pairs (0.5–0.6), apart from 

some random friction peaks. This implies that the 

ball/ST interfaces were subjected to approximately 

twice the shear stress of the ball/MS interfaces, and 

this might cause mechanical damage to the ball/ST 

contacting surfaces. This phenomenon is associated 

with the initial surface state of the disc prior to sliding, 

where a thick oxide scale on the MS disc and a 

substantial amount of oxide on the ST disc were 

observed. Furthermore, the friction coefficients for SiC 

and Si3N4 increased momentarily at approximately 

530 and 458 s, respectively. These momentary increases 

in friction with ceramic tribo-pairs have been reported 

to be associated with grain pull-out wear [20], whereas  

 

Fig. 2 (a) In-situ XRD patterns of tested ST surface at different temperatures and (b) cross-sectional SEM image of ST sample after 
being heated at 900 °C.  
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these transition features were not observed in cases 

involving sliding against MS discs.  

Figure 3(d) shows the mean friction coefficients 

calculated from the period of stable sliding. Against 

the MS, SiC yielded the highest mean friction coefficient, 

followed by the HSS ball, whereas Si3N4 produced 

the lowest friction. In contrast to the ST, the Si3N4  

ball generated the highest mean friction coefficient, 

followed by the SiC ball, whereas the HSS yielded 

the lowest friction. These results show that ceramic 

tools typically generated higher friction coefficients 

than the HSS tools in the relative motion between  

the tool and ST workpiece at high temperatures, and 

the frictional response was related significantly to the 

type of ceramic tool. 

3.4 SEM micrographs of worn morphology  

3.4.1 HSS balls against MS/ST 

Figure 4 shows SEM micrographs of the morphology 

of the worn surfaces on the HSS balls and mating 

discs. When rubbing against the MS disc, the HSS ball 

presented severe abrasive wear with two deep grooves 

at two edges, as shown in Fig. 4(a). This indicates that 

the HSS at high temperatures was abraded severely 

by the hard oxide ridges on the MS track because of 

thermal softening, as indicated by the dashed red 

lines in Fig. 4(a). Metal lumps attached to the ball scar 

in rough shapes were observed, and they experienced 

repeated plastic deformation during sliding. Large 

amounts of oxide debris were observed in the wear 

track of the disc, as shown in Fig. 4(b). Figure 4(c) 

shows the corresponding cross-section of the wear track 

shown in Fig. 4(b), revealing that the homogeneous 

oxide scale in the non-contact zone had a thickness  

of 88 ± 1 μm after heating at 900 °C for 35 min; 

subsequently, it reduced to an average thickness of  

84 ± 6 μm in the wear track. The oxide in the track 

exhibited a layered structure, where the top layer was 

cracked and the bottom layer was compact, suggesting 

a distinction between the initial oxide scale and the 

tribo-oxide (glaze) layer formed during sliding, as 

 

Fig. 3 Representative frictional curves generated by different tribo-pairs: (a) HSS; (b) Si3N4; (c) SiC ball material against MS and ST; 
(d) mean friction coefficients calculated during steady-state sliding period tested at 900 °C, 0.1 m/s, and 20 N. 



442 Friction 10(3): 436–453 (2022) 

 | https://mc03.manuscriptcentral.com/friction 

 

shown in Fig. 4(c). Furthermore, an inhomogeneous 

coverage by the glaze layer was observed, implying 

that the underlying scale was exposed as the top 

layer was removed, thereby resulting in an increased 

material removal rate. 

When rubbing against the ST, the HSS scar was 

entirely shielded by a thick layer of ST fragments. The 

worn surface on the corresponding disc exhibited a 

heavily deformed, highly worn, and torn morphology 

with some smooth load-bearing patches, indicating a 

direct metal-to-metal adhesive wear. The cross-sectional 

image in Fig. 4(f) suggests that an extremely thin pro-

tective glaze layer (0.64 ± 0.2 μm) was formed during 

sliding. This resulted in a high level of adhesion, 

material transfer, and production of large flat debris, 

which typically cause the sticking phenomenon in the 

hot metal forming of high-chromium ST. Furthermore, 

a negligible oxide scale was discovered in the non- 

contact zone, which underwent static oxidation at 

900 °C for 35 min. 

3.4.2 Si3N4 ball against MS/ST 

Figure 5 shows SEM micrographs of the morphology 

of the worn surfaces on the Si3N4 balls and mating discs. 

When rubbing against MS, the Si3N4 ball experienced 

mild abrasive wear and showed a considerably 

smooth wear scar. Si3N4 showed a slight decline in 

mechanical properties at 900 °C [21], whereas the MS 

exhibited a significant decline. Owing to the significant 

difference in hot hardness, the ceramic can deform 

and break the oxide asperities on the MS disc surface, 

thereby resulting in significant amounts of wear 

debris. The cross section of the wear track on the disc 

shown in Fig. 5(c) indicates that a thick tribo-oxide 

layer was formed. Furthermore, the oxide scale at the 

two sides of the wear track bowed up because of the 

pressure from the squeeze of the ball, revealing some 

extent of plastic deformation of the oxide scale, which 

is consistent with the claim that iron oxide possesses 

plastic deformation ability above 900 °C [22].  

When rubbing against the ST, the worn surface on 

the ball experienced severe wear and formed many 

valleys and a network of cracks, of which the largest 

depth was 540 μm. The formation of cracks on ceramics 

is associated with the intrinsic low fracture toughness 

(KIC = 6–7 MPa·m1/2) owing to the low yield of strong 

covalent and ionic bonding [23]. The corresponding 

wear track on the disc indicated material loss through 

delamination wear, where a significant number of 

sheet-like flakes were generated. During rubbing, the 

ST surface was subject to repeated and accumulated 

plastic shear deformation under periodical loading 

actions, cracks nucleated at a certain depth below the 

surface and then further developed and propagated 

 

Fig. 4 SEM micrographs of worn scars on balls and discs, and corresponding cross-sectional images of disc tracks: (a–c) for HSS ball 
-MS disc; (d–f) for HSS ball-ST disc tested at 900 °C, 0.1 m/s, and 20 N. 
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parallel to the surface, and long and thin wear sheets 

formed when the cracks sheared to the surface [24].  

The corresponding cross-sectional image in Fig. 5(f) 

reveals that a glaze layer (thickness 4 ± 1 μm) had 

formed on the worn surface of the disc. This layer can 

prevent the direct contact between the tool and ST 

substrate, thereby reducing the severe abrasive wear 

generated by the plow of the soft ST by hard ceramic 

asperities; furthermore, mild oxidational wear will 

occur when the tribo-oxide layer is established, as 

shown in Figs. 5(b) and 3(c). Si3N4 debris was discovered 

at the bottom of the tribo-oxide layer, as shown in 

the inset of Fig. 5(f). This indicates that the wearoff 

of these Si3N4 debris occurred primarily at the initial 

stage of sliding and was caused by the heavy shear 

stress in the running-in period. These findings were 

consistent with the friction transition to pull-out wear 

behavior shown in Fig. 3(b).  

3.4.3 SiC ball against MS/ST  

Figure 6 shows SEM micrographs of the morphologies 

of the worn surfaces on the SiC balls and steel discs. 

The SiC ball against the MS in Fig. 6(a) shows a 

morphology similar to that of Si3N4, where mild 

abrasive wear is indicated. When rubbing against the 

ST shown in Fig. 6(d), the SiC ball scar showed a 

similar severe wear with many valleys and cracks; 

however, they were much shallower than those of  

the Si3N4 ball. The worn surface on the disc shown 

in Fig. 6(e) indicated characteristics of delamination 

wear with many peeling-offs after a severe plastic 

deformation. The cross-sectional image in Fig. 6(f) 

shows that a thick glaze layer was established in the 

track, with the thickest layer reaching 21 μm. Thick 

plastically deformed ST, which was extruded from 

the central area of the track, was observed at the two 

sides of the wear track. At the bottom, some SiC wear 

debris were discovered, as shown in the inset of 

Fig. 6(f), similar to the phenomenon of Si3N4; this 

suggests that the fracture of SiC primarily occurred 

at the early stage of sliding. 

After the tribological tests were performed, the wear 

debris were collected and compared with the smaller 

debris (diameter: 128 ± 57 μm) generated against the 

MS. Meanwhile, the ST wear particles tended to be 

larger and flatter, with an average diameter of up to 

939 ± 333 μm. This indicates that the ST debris had 

better ductility than the oxide scale on the MS surface, 

rendering it difficult to be refined and sintered. When 

rubbing against the ST disc, severe wear occurred on 

the HSS/ST tribo-pair; the material transferred con-

tinuously to the HSS surface to form a transfer layer, 

whereas that of the ST disc was severely plastically 

deformed and showed severe tearing marks. By contrast, 

when ceramics were used, the corresponding wear 

tracks on the disc showed a smooth scar. The results 

 

Fig. 5 SEM micrographs of worn scars on ball, disc, and corresponding cross-section of disc track: (a–c) for Si3N4–MS; (d–f) for 
Si3N4–ST tested at 900 °C, 0.1 m/s, and 20 N. 
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show that the ceramic tool was superior to the HSS tool 

when deforming MS; however, the ceramic surfaces 

deteriorated severely when deforming ST. 

3.5 Worn volume estimation 

Figure 7 shows the calculated wear volumes of the 

balls and discs under different tribological com-

binations. The insets in Figs. 7(b) and 7(d) show the 

methods used to calculate the worn volumes, in 

which the valley volume of the entire ball scar with 

the non-contact zone as the benchmark was measured 

via light profilometry. For the wear track on the disc, 

a wear track with a length of 557 μm was included  

for each measurement, and the cross-sectional area 

was then calculated. The average value was calculated 

after three random measurements for each disc. 

Vision 64 software was used to process the data after 

the removal of the sphere and plane tilt. 

When rubbing against the MS, the wear volume of 

the HSS ball was the highest, followed by those of the 

SiC ball and the Si3N4 ball, as shown in Fig. 7(a). 

Furthermore, the calculations indicated that the  

worn volumes of Si3N4 and SiC were 48 and 11 times 

lower than those of the HSS, respectively, owing to 

the retainability of mechanical properties at high 

temperatures. Moreover, the worn surfaces of Si3N4 

 

Fig. 6 SEM micrographs of worn scars on balls, discs, and corresponding cross-sectional images of disc tracks: (a–c) for SiC–MS; 
(d–f) for SiC/ST tested at 900 °C, 0.1 m/s, and 20 N. 

 

Fig. 7 Worn volumes obtained via light profilometry for (a) balls and the method to measure their volume loss; (c) discs and (d) the 
method to measure their volume loss tested at 900 °C, 0.1 m/s, and 20 N.  
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and SiC were smoother than that of the HSS. 

When sliding against the ST disc, the SiC ball was 

subject to a significant volume loss, whereas Si3N4 

was subject to a lower volume loss because the HSS 

was entirely shielded by the counterface ST materials; 

hence, the worn volume of Si3N4 was negligible. For 

the worn volumes of discs shown in Fig. 7(b), the MS 

experienced a higher worn volume than the ST. This 

is because the specific chemical composition of Si, N, 

and Ce in the 253MA heat-resistant alloy afforded 

excellent high-temperature strength [25], which is 

consistent with the results obtained by Archard and 

Hirst [26], i.e., ST always exhibits a lower removed 

volume than MS even though a higher load is exerted 

on the former.  

3.6 Near surface and nanoindentation characteri-

zation 

3.6.1 For MS disc against different counterface materials 

Figure 8 shows the optical cross-sectional images of 

wear tracks on MS discs after the sliding tests against 

different counterfaces. As shown in Fig. 8, the oxide 

scale can be segmented into two layers by the different 

contrast caused by their crystallographic differences: 

the top bright and shiny glaze layer formed by  

tribo-oxidation during sliding, and the bottom dark 

initial oxide scale formed by static oxidation during 

heating. The microhardness measured via nano-

indentation, as shown in Fig. 8(d), suggesting that these 

two types of oxides possess significantly different 

microhardness values (16.1 ± 0.5 GPa for glaze layer 

and 6.2 ± 0.2 GPa for initial scale) and Young’s moduli 

(246.6 ± 9.8 GPa for glaze layer and 138.3 ± 19.3 GPa 

for initial scale). The indentation depths at the 

maximum load for the substrate, initial scale, and glaze 

layer were 494.5, 367, and 259.7 nm, respectively, and 

their residual depths after load removal were 432.7, 

264.3, and 140.7 nm, respectively. This indicates superior 

mechanical properties to the glaze layer in terms of 

abrasion resistance. Furthermore, the counterfaces 

did not significantly affect the mechanical properties 

of the glaze layer under the same sliding conditions, 

as shown in Fig. 8(d). It was also discovered that, for 

the disc wear track rubbing against the HSS ball 

shown in Fig. 8(a), the central part of the protective 

glaze layer was fractured and worn out, causing the 

underlined material to be unprotected; this resulted 

in the highest volume loss, as shown in Fig. 7(b). This 

phenomenon indicates that the applied load (20 N) 

exceeded the maximum load bearable by the glaze 

layer, thereby resulting in considerable spalling on  

 

Fig. 8 Cross-sectional optical micrographs of wear tracks on MS discs against different types of balls: (a) HSS, (b) Si3N4, and (c) SiC; 
(d) microhardness of tribo-oxide glaze layer, initial scale formed during heating, and substrate of wear track on mild steel disc. 
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the oxide layer [2]. By contrast, the other two wear 

tracks rubbing against the ceramic balls remained 

almost intact without severe damage and presented 

an inhomogeneous coverage of the worn surface, as 

shown in Figs. 8(b) and 8(c), resulting in a considerably 

low volume loss on the MS disc.  

3.6.2 For ST disc against different counterface materials 

Figure 9 shows the effect of the counterface materials 

on the microstructure variation of the subsurface on 

the ST disc wear track. As shown in Fig. 9, a plastically 

deformed layer was generated with the oxide glaze 

layer on top. The depth of the plastically deformed 

layer differed among these tribo-pairs, in which the 

ST with HSS exhibited the thinnest deformed layer 

measuring 17.3 ± 2.4 μm. The ceramic balls can pro-

duce a much deeper plastically deformed layer on the 

ST discs with the Si3N4 and SiC balls, i.e., 62.4 ± 3.8 

and 48.4 ± 4.0 μm, respectively. It was discovered 

that the scale/substrate interface against the ceramics 

with deep grooves on the substrate was more 

convoluted compared with that against the HSS, which 

was fairly smooth, as shown in Fig. 9(a). These grooves 

have been reported to contribute significantly to the 

entrapment of wear debris particles [2]. 

Figure 10(a) shows the correlation between the worn 

volume and tribo-oxide thickness on the ST disc. As 

shown in Fig. 10, a thicker tribo-oxide is associated 

with a lower volume loss of the ST disc with an 

average thickness ranging between 1.2 and 13. This 

finding reveals that an increase in the thickness in  

the range of 1.2–13 μm can reduce the wear of ST. 

Furthermore, ceramics can generate a thicker tribo-oxide 

layer on the ST mating surface. Figure 10(b) presents  

 

Fig. 9 SEM micrographs of cross-sections of wear tracks on ST disc against different counterface materials: (a) HSS, (b) Si3N4, and 
(c) SiC. 

 

Fig. 10 (a) Correlation between tribo-layer thickness and worn volume on the wear track of ST disc and (b) microhardness of different 
layers in the subsurface. 
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the microhardness of the different layers shown    

in Fig. 9. As shown in Fig. 10(b), the hardness of the 

glaze layer (approximately 21 GPa) was superior to 

that of the ST substrate (approximately 3.8 GPa). 

Furthermore, the microhardness of the deformed 

layer on ST depended on the counterface ranking 

against SiC, Si3N4, and HSS at 5.8, 4.8, and 4.2 GPa, 

respectively. The indentation depths at the maximum 

load for the substrate, initial scale, and glaze layer 

were 467.8, 370.5, and 246.7 nm, respectively, and 

their residual depths were 405.7, 284.9, and 108.8 nm,  

respectively. The establishment of a hard glaze layer 

with a plastically deformed and hardened layer 

supporting it can result in low friction and wear, and 

this deformation in ST will result in a work-hardened 

surface layer with grooves that can trap wear debris [2]. 

3.7 EDX analysis of tribo-oxide layer on ST disc 

Figure 11 shows the cross-sectional backscatter electron 

images and EDX mappings of wear tracks on the ST 

discs for different tribological combinations. For the 

HSS/ST, an extremely thin oxide layer with O, Ni, Si,  

 

Fig. 11 Backscatter electron image and EDX mappings of central area of cross section of disc wear tracks of (a) HSS/ST, (b) Si3N4/ST, 
and (c) SiC/ST tribo-pair at 900 °C, 20 N, and 0.1 m/s.  
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Cr, and slight Fe was detected at the top of the wear 

track, where the formation of Si-rich oxide at the 

scale base can promote the adhesion of the scale to 

the metal substrate [27]; such a silicon oxide layer 

was observed in all the ST wear tracks, as shown in 

Figs. 11(a)–11(c). Furthermore, it was discovered that 

oxidation occurred in the near subsurface owing to 

the formation of microcracks after repetitive plastic 

deformation when the plastic deformation exceeded 

the limit of the ST ductility; these microcracks provided 

pathways for oxygen diffusion.  

For the Si3N4/ST shown in Fig. 11(b), a thick tribo- 

oxide layer with many cracks was observed. Two 

phases reflecting different chemical compositions were 

identified. One was Fe rich and located predominantly 

at the top, whereas the other was a Cr-rich solid solution 

with a slight amount of Fe. At the scale/metal interface, 

Cr2O3 with a small amount of Fe in solid solution 

underlined by SiO2 was discovered; it served as a 

self-healing oxidation resistance layer that protected 

the metal substrate from oxidation.  

For the SiC/ST tribo-pair shown in Fig. 11(c), a 

similar morphology of the thick scale was observed, 

the thick scale filled a deep groove on the metal 

substrate, which was assumed to be formed by the 

plow of ceramics in the running-in period because  

of the significant difference in hot hardness between  

the ceramics and ST. EDX analysis shows that a 

substantially thinner O–Cr–Si protective layer than 

that of Si3N4/ST formed at the scale/substrate interface, 

indicating that the SiC ball had broken this protective 

layer at the initial stage, thereby promoting the 

further oxidation of the substrate during rubbing. 

Consequently, it can provide adequate oxide debris 

to form a thick tribo-oxide layer. Furthermore, a thin 

layer of silica transferred from the counterface (SiC 

ball) was observed at the top of Fig. 11(c). This material 

transfer can reduce the surface chemical reactivity of 

ST owing to the inertness of silica.  

4 Discussion 

4.1 Wear mechanism of ball/MS tribo-pairs 

Tribology at high temperatures is a complex process 

that involves many influencing factors such as 

thermo-softening, oxidation, microstructure change, 

and thermal fatigue, in which surface oxidation is 

critical in determining friction and wear. The roles of 

the oxide scale and mating surface on tribology were 

investigated in this study by comparing the tribological 

behavior of MS and ST. For the MS surface at 900 °C, 

a thick oxide layer measuring approximately 88 μm 

was formed during heating. Because the HSS was 

located above the disc during heating, its temperature 

was lower, i.e., approximately 680 °C, as measured in 

Ref. [3]; hence, its oxidation was minimized. When 

the ball was about to establish contact with the disc 

surface, severe adhesive wear was the dominant wear 

mechanism in the running-in period, resulting in the 

coverage of clean HSS scar by the transfer of oxide 

scale from the MS. The oxide–oxide contact reduced 

the friction slightly; however, with the growth of this 

scale layer, scale spalling, surface roughening, and 

fluctuating friction will occur during the running-in 

period. During the steady-state period, an adherent, 

compact, and non-spallation glaze layer was developed 

on the HSS scar, as shown in Fig. 4(a), in which   

the HSS exhibited abrasive wear because of the 

corresponding hard glaze layer formed on the disc 

surface. The use of the ceramic as the upper sliding 

part stabilized the sliding process. The ceramics 

experienced mild abrasive wear and exhibited a 

smooth and compact worn scar morphology. The disc 

scars with the glaze layer were extremely smooth and 

compact, and the scale was removed uniformly. Hence, 

the MS was primarily degraded through mild 

oxidational wear. 

4.2 Wear mechanisms of ball/ST tribo-pairs 

4.2.1 Difference in deformation layer depth  

For MS, the calculation formula indicates that the 

testing temperature of 900 °C is above the austenite 

temperature (A3) and recrystallization temperature 

(typically 0.4–0.5 times the melting temperature). 

Consequently, dynamic recovery and recrystallization 

occurred, in which strain-free grains were formed [28]. 

Furthermore, furnace cooling from 900 °C implied a 

full annealing process involving static recovery, static 

recrystallization, and grain growth [29]. These two 

factors can cause the deformed grains to recrystallize 

completely. Hence, no deformed layers were observed.  

The low to medium stacking default energy of  
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253 MA austenitic STs limits their dynamic recovery, 

and only a critical deformation can induce dynamic 

recrystallization [30]; such a deformation is relatively 

small in the tribological test. Figure 9 shows that all 

three test ball materials can deform the ST significantly 

to produce a deep plastic deformed layer, and that 

the depths of the deformation layers on the ST wear 

surfaces differed significantly depending on the 

type of mating surface. The ST against Si3N4 had the 

deepest deformed layers, followed by those against SiC 

and HSS. This phenomenon was caused primarily by 

the actual forces exerted on real contact points, where 

the deformation layer thickness and size of wear debris 

tended to increase with those forces [31]. Although 

the same nominal loads were applied, different 

pressures were applied. Because the ceramics can 

retain a higher elastic modulus than HSSs at high 

temperatures [32], they can generate higher Hertz 

contact stresses.  

4.2.2 Summary of wear mechanisms 

When rubbing against the ST, an oxide scale could 

not form on the surface owing to the strong oxidation 

resistance, as shown in Fig. 2. Furthermore, the yield 

and ultimate strength of the ST declined significantly 

at 900 °C, as shown in Table 2. When the ST was about 

to establish contact with the upper HSS, the high 

contact stress caused repetitive and accumulative 

plastic deformation, work hardening, and tribo- 

oxidation in the ductile ST. The tribo-oxidation 

resulted in the formation of a thin 0.3 μm glaze layer 

(Fig. 11(a)), which rendered the hardness measurement 

slightly difficult. Figures 8 and 10 show that the 

thicknesses of the glaze layers differed owing to the 

tribo-pair differences, but their mechanical properties 

were similar. Therefore, it can be postulated that the 

hardness of the thin glaze layer was similar to that of 

the thick layers, i.e., approximately 21 GPa. Such a thin 

glaze layer cannot prevent a direct contact between 

the HSS asperities and the ST substrate. As reported 

in Ref. [33], the thickness of the oxide layer should 

exceed 3 μm to prevent material transfer. The HSS has 

a relatively high chemical reactivity and dissolution 

rate with steels; therefore, the fractures were generated 

inside the ST due to low shear strength, and material 

transfer occurred from ST to the HSS surface (Fig. 12), 

thereby resulting in a low friction coefficient because 

of the low interfacial shear strength (Fig. 3(d)). This is 

the main reason that caused the sticking problem in 

the hot forming of ST, i.e., the direct contact between 

the metal base and tool surface [33, 34]. The ST 

adhering to the HSS ball underwent significant plastic 

deformation, and plastic flow occurred toward the 

edge of the contact zone owing to the pressure 

gradient in the contact zone (Fig. 12) [19]. Finally, the 

ST on the HSS surface was extruded from the contact 

zone, resulting in the loss of ST. This wear process, 

including material transfer, plastic flow toward the 

edge, and extrusion from the contact zone, resulted 

in the continuous removal of ST during the sliding 

process; consequently, the deepest wear track and the 

maximum wear rate of ST were obtained, as shown  

 

Fig. 12 (a) Schematic diagram of wear mechanism of ST against HSS, where sliding direction is perpendicular to the paper; (b) profile 
lines of wear tracks on ST against different balls. 
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in Figs. 7(b) and Fig. 12(b). Because of this wear 

mechanism, the tribo-oxide layer could not be 

established on the ST worn surface when it was sliding 

against the HSS.  

Ceramics exhibit high mechanical strength and 

poor chemical reactivity with steel. They can deform 

ST more significantly to produce a deeper and more 

hardened deformed layer than HSS, as shown in Fig. 9. 

The hot hardness of the ceramics enabled the ceramic 

asperities to micro-cut the soft STs at the initial 

contact, as presented by stage 1 in Fig. 13, resulting in 

the formation of many deep grooves (Fig. 9). The 

formed wear debris did not indicate material transfer 

and adhesion owing to the inert chemical reactivity 

of the ceramics. They circulated at the interface  

and underwent repetitive plastic deformation, work 

hardening, fracture, and tribo-oxidation, as shown in 

stage 2 of Fig. 13. The oxidized debris were entrapped 

by the grooves plowed by the hard ceramic asperities 

in the subsequent sliding process (stage 3). Because a 

significant amount of wear debris was circulating at 

the interface, this oxidized debris will agglomerate 

and become compacted/sintered under a high tem-

perature and the applied load. When these tribo-oxide 

layers are formed and begin to develop further, the 

debris can be captured more easily by the obstacles 

on these tribo-oxide layers [2]. The development of 

such a tribo-oxide layer is widely acknowledged to be 

the solution to severe adhesive wear between contact 

sliding metals at elevated temperatures [17, 31, 32]. 

The mating surfaces, SiC and Si3N4, exerted different 

effects on the thickness of the tribo-oxide glaze layer, 

as shown in Fig. 9. This is primarily due to the 

differences in their mechanical properties. SiC has a 

higher hardness (34.9 GPa) and Young’s modulus 

(304.7 GPa) than Si3N4, as listed in Table 1. This enables 

SiC to penetrate more deeply into ST and generate 

deeper grooves and more wear debris; consequently, 

a tribo-oxide layer thicker than the Si3N4 counterface 

is formed, as shown in Fig. 10. It was reported that 

strong adhesion wear and severe material transfer of 

ST onto the rubbing ceramic surface occurred because 

of the high chemical affinity when the tribological test 

was performed at room temperature [35]. Hence, it can 

be inferred that temperature significantly affects the 

interaction between Si3N4 and iron, thereby affecting 

the formation of inert silica on the surface of Si3N4.  

4.2.3 Contribution of different layers to wear resistance 

Regarding the worn surface on the ST against ceramics, 

two layers (glaze layer and work-hardened layer) 

shielded the substrate. The mechanical properties in 

Fig. 10(b) show that the glaze layer had a hardness of 

21 GPa, which was slightly higher than that of Si3N4 

and significantly lower than that of SiC. The work- 

hardened layer below the glaze layer provided support 

for the hard and brittle glaze layer. Therefore, the 

severe abrasion of the ST by Si3N4 can be reduced 

significantly, and mild oxidational wear can be 

achieved. Consequently, a low wear rate and a stable 

friction coefficient were generated in the stable sliding 

stage for the ST/Si3N4 tribo-pair. 

For the SiC/ST tribo-pair, the soft ST was severely 

plowed by the superior hard SiC, thereby resulting in 

a large amount of wear debris and a thick glaze layer. 

The glaze layer can significantly reduce the penetration 

depth of SiC asperities owing to the substantial  

improvement in hardness and Young’s modulus. 

 

Fig. 13 Schematic diagram of wear mechanism and formation of anti-wear tribo-oxidation layer. 
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However, SiC can still plow the glaze layer owing to 

the significant hardness difference, and these glaze 

layers will exhibit microfractures owing to their 

brittleness and transition into fine debris. Some of  

the fine debris were removed from the contact zone, 

thereby resulting in mild oxidational wear. Meanwhile, 

the remainder retained on the wear track and were 

recycled to provide a debris source for the formation 

of the glaze layer. The ceramics indicated low wear 

rates and acceptable friction; additionally, they 

promoted the formation of thick tribo-oxide layers on 

the ST surface. However, both the Si3N4 and SiC balls 

presented drawbacks of severe pull-out and fracture 

wear under extreme pressures. Therefore, these 

drawbacks should be addressed such that Si3N4 and 

SiC ceramics can perform well against high-chromium 

STs. 

4 Conclusions  

In this study, the tribological behavior of different 

tool counterfaces against MS and high-chromium ST 

were investigated, in which commercial high-speed 

steel, Si3N4, and SiC were tested. Their wear 

mechanisms against MS and ST were investigated, 

and several conclusions were obtained. 

1) The ceramics presented better wear resistance 

against MS than HSS, where Si3N4 exhibited the lowest 

friction coefficient and wear rate. The HSS exhibited 

severe abrasive wear owing to thermal softening  

and destroyed the glaze layer on the MS under the 

tribological conditions tested, thereby increasing the 

wear of the MS. 

2) When rubbing against high-chromium ST, the 

HSS presented sticking problems, and both SiC and 

Si3N4 exhibited severe pull-out wear owing to their 

low toughness. However, the use of ceramics can 

promote the establishment of a thick tribo-oxide layer 

(> 3 μm) on ST surfaces, thereby reducing the wear of 

ST and its transfer to the counterface. Furthermore, a 

thicker glaze layer will decrease the amount of wear. 

3) The use of ceramics enabled deep grooves to be 

plowed on a clean ST surface during initial contact, 

thereby promoting the establishment of a glaze 

layer by improving the entrapment of wear debris. 

Consequently, friction, wear, and sticking problems 

were reduced. The obtained results suggest that 

ceramics are a promising material for deforming ST 

at high temperatures. 
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