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Abstract 

Two fully-dense B4C–SiC composites were fabricated by spark-plasma sintering (SPS) 

from B4C+Si powders, one superhard (i.e., ~28.7(8) GPa) with abundant SiC by SPS of 

B4C+20vol.%Si at 1400°C and the other ultrahard (i.e., ~35.1(4) GPa) with little SiC by SPS of 

B4C+4.28vol.%Si at 1800°C, and their unlubricated sliding wear was investigated and compared 

with those of the reference B4C monoliths. It was found that the two B4C–SiC composites 

underwent mild tribo-oxidative wear with preferential removal of the oxide tribolayer, with the one 

SPS-ed at 1400°C from B4C+20vol.%Si being, despite its lower hardness and greater proneness to 

form oxide tribolayer, only slightly less wear resistant than the one SPS-ed at 1800°C from 

B4C+4.28vol.%Si (i.e., ~1.0(5)·107 vs 1.37(8)·107 (N·m)/mm³). The reference B4C monolith SPS-

ed at 1400°C is comparatively two orders of magnitude less wear resistant (i.e., ~1.70(6)·105 

(N·m)/mm³), attributable to its undergoing severe purely mechanical wear by microfracture-

dominated three-body abrasion due to its very poor sintering (i.e., high porosity of ~33.5%), poor 

grain cohesion, and low hardness (i.e., ~3.1(5) GPa). The reference B4C monolith SPS-ed at 
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1800°C, while equally or less hard (i.e., 28.4(9) GPa) and slightly porous (i.e., ~5.3%), is somewhat 

more wear resistant (~1.8(3)·107 (N·m)/mm³) than the B4C–SiC composites, attributable to its 

undergoing only mild purely mechanical wear by plasticity-dominated two-body abrasion without 

porosity-induced grain pull-out, but it requires SPS temperatures well above 1400°C. Finally, 

relevant implications for the ceramics and hard-materials communities with interests in tribological 

applications are discussed. 

 

Keywords: Boron carbide; Ceramic composites; Sliding wear; Spark-plasma sintering; 

Super/ultrahard ceramics. 
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1. Introduction 

Owing to their extreme hardness and great lightness, B4C–based materials, whether 

monoliths or composites, are currently being intensively investigated for contact mechanical 

applications, and particularly as ballistic impact armours [1-9] and tribological components (e.g., 

bearings, valves, seals, dies, nozzles, etc.) [1,2,10-17]. One class of these promising B4C–based 

materials is that of the B4C–SiC bi-particulate composites [2,3,18-26], whose microstructure 

consists of a B4C matrix toughened by SiC grains. Brittleness is a bane of the B4C monoliths, 

motivating widespread interest for the B4C–based composites [1,2] in which the weak interfaces 

deriving from the thermo-elastic mismatch result in improved toughness [21,27-33]. SiC is one of 

the preferred toughening second phases for B4C because, being also very hard and lightweight, the 

gain in toughness is accompanied by less loss in hardness and lightness [21]. 

The B4C–SiC composites are usually fabricated by solid-state hot pressing (HP) or spark-

plasma sintering (SPS) from B4C+SiC powders [21,23,25,34], and less often by reactive HP or SPS 

from B4C+Si+C [35,36] or B4C+Si powders [37-40]. Reactive sintering is especially appealing 

because the HP or SPS cycles are comparatively smoother, even more so the more Si aids are used. 

Thus for example, it has been shown recently that B4C cannot be fully densified by SPS at 1800°C 

[40], but that it can be done so using 4.28 vol% Si aids and even at only 1400°C using 20 vol% Si 

aids [40]. Importantly, while there is a solid understanding of the mechanisms of densification and 

in-situ formation of SiC in these promising composites [40,41], nothing is known so far of their 

wear behaviour despite this knowledge being needed for their use in tribological applications. 

Consequently, here we investigated the unlubricated sliding wear, the most typical form of 

frictional contact, of two representative B4C–SiC composites SPS-ed from B4C+Si powders, one 

with abundant SiC fabricated by SPS at 1400°C from B4C+20vol.%Si and the other with little SiC 

fabricated by SPS at 1800°C from B4C+20vol.%Si, and of their two reference B4C monoliths SPS-
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ed under the same conditions. 

 

2. Experimental Procedure 

Commercially available powders (Hönagäs AB, Sweden) of submicrometre B4C (Grade 

HD 20) and micrometre Si (Grade AX 05) were used to prepare three powder batches, namely, (i) 

B4C with 20 vol.% Si, (ii) B4C with 4.28 vol.% Si, and (iii) B4C. Next, they were consolidated by 

SPS (HP-D-10, FCT Systeme GmbH, Germany) in dynamic vacuum under 75 MPa pressure 

(applied at 300°C) at the following conditions: (i) B4C+20vol.%Si at 1400°C for 15 min, (ii) 

B4C+4.28vol.%Si at 1800°C for 10 min, and (iii) B4C at both 1400°C for 15 min and 1800°C for 

10 min. The resulting composites and reference monoliths, hereafter termed “Comp-B4C-20%Si-

1400°C”, “Comp-B4C-4.28%Si-1800°C”, “Ref-B4C-1400°C”, and “Ref-B4C-1800°C”, 

respectively, were ground, diamond polished to 0.25-µm finish, and characterised microstructurally 

by scanning electron microscopy (SEM; Quanta 3D, FEI, The Netherlands) and X-ray 

diffractometry (XRD; D8 Advance, Bruker AXS, Germany) as well as mechanically by Vickers 

hardness tests (MV-1, Matsuzawa, Japan) at 9.8 N load. Additionally, their surface roughnesses 

after polishing were measured by optical profilometry (OP; Profilm 3D, Filmetric, USA). 

More importantly, they were also characterised tribologically by unlubricated sliding-wear 

tests (THT-1000, Anton Paar, Austria) in the ball-on-disk geometry, performed in duplicate at 

ambient conditions, 40 N load, 10 cm/s linear sliding speed, 2-mm track radius, and 1000 m sliding 

distance using 6.02 mm diameter diamond-coated SiC counter-balls (Dball G10, Nova Diamant, 

UK). According to the manufacturer’s specifications, these balls are extremely ultrahard (i.e., >80 

GPa) and have a very shiny and smooth surface (i.e., roughness less than 20 nm). The as-worn 

surfaces of the disks were examined by digital optical microscopy (DOM; AM7915MZT-Edge, 

Dino-Lite, The Netherlands) to inspect the wear damage at macroscopic scale. Also, the wear 
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debris, if any at all, was collected and characterised microstructurally and chemically by SEM 

together with energy-dispersive X-ray spectroscopy (EDS; Ultim Max 40, Oxford Instruments, 

UK). Next, the worn surfaces of the disks were gently cleaned, and re-examined by DOM. 

Additionally, they were also characterised by OP to compute the worn volumes and thence the 

specific wear rates (SWRs) and wear resistances, and by optical microscopy (OM; Epiphot 300, 

Nikon, Japan) and SEM (S-3600 N, Hitachi, Japan) to examine the wear damage at microscopic 

scale. 

Lastly, complementary unlubricated scratch tests were also performed (Revetest RST3, 

Anton Paar, Austria) at ambient conditions, 5 N load, 1 mm/min scratch speed, and 2 mm scratch 

distance using a 200-µm radius Rockwell-C diamond tip. The resulting scratches were examined 

by OM. 

 

3. Results and Discussion 

3.1. Microstructure and hardness 

Figure 1 shows SEM images representative of the microstructure of the four materials, and 

their XRD patterns. It can be seen (i) that Ref-B4C-1400°C is very poorly sintered (i.e., ~33.5% 

porosity) and has a fine-grained mono-particulate microstructure composed essentially only of B4C 

(Figs. 1A,E), (ii) that Comp-B4C-20%Si-1400°C is fully sintered and has a fine-grained bi-

particulate microstructure composed of boron carbide and abundant β-SiC second phase (Figs. 

1B,E), (iii) that Ref-B4C-1800°C is very well but not fully sintered (i.e., ~5.3% porosity) and has 

a coarser-grained mono-particulate microstructure composed essentially only of B4C (Figs. 1C,E), 

and finally (iv) that Comp-B4C-4.28%Si-1800°C is fully sintered and has a coarser-grained bi-

particulate microstructure composed of boron carbide and little β-SiC second phase (Figs. 1D,E). 

It has recently been demonstrated [40] that, unlike the monoliths, the boron carbide phase in the 
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composites is not B4C but an isostructure BxC(Si) that is C-deficient and is doped with Si in the 

linear chain [40,41], with the C deficiency and Si doping being more pronounced the greater the 

proportion of Si aids used [40]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 1. SEM images representative of the polished, electrochemically etched (1% KOH solution 

at ~0.03 A/cm² for ~30 s) surface of (A) Ref-B4C-1400°C, (B) Comp-B4C-20%Si-1400°C, (C) Ref-

B4C-1800°C, and (D) Comp-B4C-4.28%Si-1800°C, as well as (E) XRD patterns of these four 

materials, as indicated. The SEM imaging was done with secondary electrons at 15 kV. In (B) and 

(D), dark-grey grains are boron carbide and white grains are β-SiC. The XRD patterns were 

acquired with pure CuKα1 incident radiation, and were indexed using the PDF2 database. The 

weak C peak in the XRD patterns of Ref-B4C-1400°C and Ref-B4C-1800°C indicates a very minor 

content (i.e., <1 wt.%) of residual C (impurity of the B4C and/or taken up during SPS). 
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Regarding the surface roughness, the values of the arithmetic mean height (i.e., Sa) of Ref-

B4C-1400°C, Comp-B4C-20%Si-1400°C, Ref-B4C-1800°C, and Comp-B4C-4.28%Si-1800°C are 

~0.586, 0.033, 0.106, and 0.009 m, respectively, and the corresponding values of the root mean 

square height (i.e., Sq) are ~0.714, 0.041, 0.125, and 0.013 m. Thus, Comp-B4C-4.28%Si-1800°C 

polished the best (i.e., smoothest), followed by Comp-B4C-20%Si-1400°C, next by Ref-B4C-

1800°C, and finally Ref-B4C-1400°C polished the worst (i.e., roughest). 

The Vickers hardnesses of Ref-B4C-1400°C, Comp-B4C-20%Si-1400°C, Ref-B4C-1800°C, 

and Comp-B4C-4.28%Si-1800°C are ~3.1(5), 28.7(8), 28.4(9), and 35.1(4) GPa, respectively. 

Thus, Ref-B4C-1400°C is extremely soft, attributable to its very poor sintering. Comp-B4C-20%Si-

1400°C and Ref-B4C-1800°C are equally superhard (i.e., ≥20 GPa) within the errors (i.e., ~28–29 

GPa), but not ultrahard (i.e., ≥30 GPa) because the former contains abundant SiC second phase 

(which is softer than boron carbide) and the latter pores (which reduce the hardness exponentially 

[42]). Lastly, Comp-B4C-4.28%Si-1800°C is indeed ultrahard (i.e., ~35 GPa), attributable to its 

full densification with very little SiC second phase. 

 

3.2. Wear observations and data 

Figure 2 shows DOM images representative of the wear tracks on each material, as well as 

SEM images and EDS spectra representative of the corresponding wear debris, if any at all. Clearly, 

Ref-B4C-1400°C exhibits the greatest abundance of wear debris (Fig. 2A-top), which is 

concentrated inside and outside its wear track, and by far the widest uncleaned (Fig. 2A-top) and 

cleaned (Fig. 2A-bottom) wear tracks. Comp-B4C-20%Si-1400°C and Comp-B4C-4.28%Si-

1800°C also exhibit wear debris (Figs. 2B-top and 2D-top, respectively), although more the former 

than the latter, which is nonetheless much less abundant than in Ref-B4C-1400°C and is 

preferentially located at the outer contours of the wear tracks. Their cleaned wear tracks are also 
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markedly narrower, but slightly more so that of Comp-B4C-4.28%Si-1800°C (Fig. 2D-bottom) than 

that of Comp-B4C-20%Si-1400°C (Fig. 2B-bottom). The case of Ref-B4C-1800°C is distinctive in 

that apparently there is no wear debris, thus exhibiting nearly indistinguishable uncleaned (Fig. 2C-

top) and cleaned (Fig. 2C-bottom) wear tracks, which are also the narrowest. Therefore, these 

observations indicate that Ref-B4C-1400°C wore the most, followed at a distance by Comp-B4C-

20%Si-1400°C, next by Comp-B4C-4.28%Si-1800°C, and finally Ref-B4C-1800°C wore the least. 

Also importantly, beside differences in wear resistance, there must also be differences in wear 

modes/mechanisms because Ref-B4C-1800°C showed no wear debris, and the wear debris of the 

other three materials differ in abundance, as discussed above, and also in chemical composition 

and/or morphology. Specifically, the wear debris consists of (i) clumps and loose submicrometre 

B4C particles in Ref-B4C-1400°C (Figs. 2E,H-1) but (ii) oxide flakes with smooth surface in Comp-

B4C-20%Si-1400°C (Figs. 2F,H-2) and Comp-B4C-4.28%Si-1800°C (Figs. 2G,H-3), although 

thinner and smaller in the latter than in the former. 
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Figure 2. DOM images representative of the uncleaned (top) and cleaned (bottom) wear tracks of 

(A) Ref-B4C-1400°C, (B) Comp-B4C-20%Si-1400°C, (C) Ref-B4C-1800°C, and (D) Comp-B4C-

4.28%Si-1800°C at the conclusion of the wear tests (i.e., 1000 m slid). The insets in (A) and (B) 

show lower-magnification DOM images of the entire wear track (4-cm diameter). SEM images of 

the wear debris collected from (E) Ref-B4C-1400°C, (F) Comp-B4C-20%Si-1400°C, and (G) 

Comp-B4C-4.28%Si-1800°C, as well as (H) the corresponding indexed EDS spectra. The SEM 

imaging was done with secondary electrons at 20 kV, and EDS analyses at 10 kV. The letters E, F, 

G, H1, H2, and H3 correlate images with each other. 

 

Figure 3 shows OP 3-D images, and 2-D profiles extracted from them, representative of the 

cleaned wear tracks in each material. The differences between Ref-B4C-1400°C and the other three 

materials are very patent. Certainly, Ref-B4C-1400°C exhibits by far the widest (i.e., ~930 µm) and 

deepest (i.e., ~40 µm) wear track (Figs. 3A,E), with a large worn volume (i.e., ~0.236(8) mm³) and 

a high SWR (i.e., ~5.9(2)·10-6 mm³/(N·m)) that are essentially two orders of magnitude greater 

than those of the other three materials. Of these, Ref-B4C-1800°C exhibits the narrowest (i.e., ~245  
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Figure 3. OP 3-D images representative of the cleaned wear tracks of (A) Ref-B4C-1400°C, (B) 

Comp-B4C-20%Si-1400°C, (C) Ref-B4C-1800°C, and (D) Comp-B4C-4.28%Si-1800°C at the 

conclusion of the wear tests (i.e., 1000 m slid), as well as (E) typical 2-D profiles extracted from 

them, as indicated. The white arrows in (A)-(D) denote the sliding direction. 
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µm) and shallowest (i.e., ~1 µm) wear track (Figs. 3C,E), and therefore the lowest worn volume 

(i.e., ~0.0023(4) mm³) and SWR (i.e., ~5.8(9)·10-8 mm³/(N·m)). Comp-B4C-4.28%Si-1800°C 

exhibits the second narrowest (i.e., ~250 µm) and shallowest (i.e., ~1.4 µm) wear track (Figs. 

3D,E), with a slightly greater worn volume (i.e., ~0.0029(2) mm³) and SWR (i.e., ~7.3(4)·10-8 

mm³/(N·m)) than Ref-B4C-1800°C. And lastly, Comp-B4C-20%Si-1400°C exhibits an even 

slightly larger (i.e., ~280 µm × ~2 µm) wear track (Figs. 3B,E), as also are both its worn volume 

(i.e., ~0.005(2) mm³) and SWR (i.e., ~1.1(4)·10-7 mm³/(N·m)). Therefore, the OP observations and 

data confirm quantitatively that the ranking of wear resistance is Ref-B4C-1800°C (i.e., ~1.8(3)·107 

(N·m)/mm³) > Comp-B4C-4.28%Si-1800°C (i.e., ~1.37(8)·107 (N·m)/mm³) > Comp-B4C-20%Si-

1400°C (i.e., ~1.0(5)·107 (N·m)/mm³) ⋙ Ref-B4C-1400°C (i.e., ~1.70(6)·105 (N·m)/mm³). 

 

3.3. Wear modes and mechanisms 

Figures 4-7 show OM and SEM/EDS images representative of the wear-induced macro- 

and micro-damage in each material. The great differences of severity and patterns of damage 

between Ref-B4C-1400°C and the other three materials are again very evident. Certainly, Ref-B4C-

1400°C exhibits widespread disruption of its surface and subsurface, with wholesale material 

removal (Fig. 4A) in the form of (i) grain pull-out more (Fig. 4B) or less (Fig. 4C) copious 

everywhere and (ii) ejection of large chunks of grains (Fig. 4D) in the central region (where the 

wear stresses are greater). Therefore, the wear patterns (Fig. 4) and the great amount of wear debris 

(Fig. 2A-top) indicate that Ref-B4C-1400°C wore, purely mechanically, predominantly by 

microfracture-dominated three-body abrasion [43], with the abrasive being the abundant ultrahard 

B4C particles/clods dislodged. On the contrary, the other three materials exhibit much less worn 

surface (Figs. 5-7), comparatively very intact, but especially Ref-B4C-1800°C (Fig. 6), followed 

by Comp-B4C-4.28%Si-1800°C (Fig. 7), and lastly Comp-B4C-20%Si-1400°C (Fig. 5). 
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Specifically, they display discernible scratches, typical of plastic grooves, parallel to the sliding 

direction, but these are less abundant and shallower in Ref-B4C-1800°C (Fig. 6A), followed by 

Comp-B4C-4.28%Si-1800°C (Fig. 7A), and lastly Comp-B4C-20%Si-1400°C (Fig. 5A). Moreover, 

this last is the only one of the three that shows signs of minor microfracture-induced grain pull-out 

(Figs. 5B,C). Importantly, all these observations show that, unlike Ref-B4C-1400°C, the other three 

materials possess sufficient grain cohesion under frictional forces, and also that the residual 

porosity of Ref-B4C-1800°C was not a source for relevant grain pull-out. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. (A) OM and (B-D) SEM images showing the wear damage at the macro- and micro-

scales in Ref-B4C-1400°C at the conclusion of the wear tests (i.e., 1000 m slid) after cleaning the 

worn surface. SEM imaging was done with secondary electrons at 15 kV. The red arrows denote 

the sliding direction. The letters B, C, and D in (A) correlate images with each other. 
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Figure 5. (A) OM and (B-C) SEM images representative of the wear damage at the macro- and 

micro-scales in Comp-B4C-20%Si-1400°C at the conclusion of the wear tests (i.e., 1000 m slid) 

after cleaning the worn surface. (D) EDS elemental composition map of O inside and outside the 

wear track. SEM imaging was done with secondary electrons at 15 kV, and EDS mapping also at 

15 kV. The red arrows denote the sliding direction. 
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Figure 6. (A) OM and (B) SEM image representative of the wear damage at the macro- and micro-

scales in Ref-B4C-1800°C at the conclusion of the wear tests (i.e., 1000 m slid) after cleaning the 

worn surface. (C) SEM image representative of the surface of Ref-B4C-1800°C outside the wear 

track showing that the pitted zones in (B) consist of pores, not grains pulled-out during the wear 

tests. SEM imaging was done with secondary electrons at 15 kV. The red arrows in (A)-(B) denote 

the sliding direction. 
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Figure 7. (A) OM and (B-C) SEM images representative of the wear damage at the macro- and 

micro-scales in Comp-B4C-4.28%Si-1800°C at the conclusion of the wear tests (i.e., 1000 m slid) 

after cleaning the worn surface. (D) EDS elemental composition map of O inside the wear track. 

SEM imaging was done with secondary electrons at 15 kV, and EDS mapping also at 15 kV. The 

red arrows denote the sliding direction. 

 

It can also be seen that the composites exhibit discontinuous oxide tribolayers, apparently 

thicker and more extensive in Comp-B4C-20%Si-1400°C (Fig. 5D) than in Comp-B4C-4.28%Si-

1800°C (Fig. 7D), but not the monoliths (Figs. 4 and 6). This is consistent with the types of the 

wear debris collected in each material. Certainly, in the composites there were oxide flakes (Figs. 

2F,H-2 and 2G,H-3) because they are chipped-off tribolayer areas. In Ref-B4C-1400°C, these were 

B4C (Fig. 2H-1) because no oxide tribolayers were formed, and in Ref-B4C-1800°C there simply 

was no wear debris (Fig. 2C-top). Therefore, it is evident that the frictional heating generated 

during the wear tests in air oxidized the contact surface of the composites but not of the monoliths, 
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which is attributable to the Si present in their microstructures (as SiC grains and Si dopant in the 

boron carbide grains), and that the oxide tribolayers eventually partially delaminated or spalled. 

This is indeed the principal cause of material loss in the composites. But importantly, because most 

of this oxide wear debris was expelled out of the contact zone (Figs. 2B-top and 2D-top), it caused 

only limited three-body abrasion. 

Therefore, the wear patterns (Figs. 5-7) and the observations (Figs. 2B-D) and analyses 

(Figs. 2F-H) of the wear debris indicate that Ref-B4C-1800°C, Comp-B4C-4.28%Si-1800°C, and 

Comp-B4C-20%Si-1400°C wore, in that order of from less to more, by different 

modes/mechanisms and differently from Ref-B4C-1400°C. Certainly, Ref-B4C-1800°C did so by 

purely mechanical wear in the form of plasticity-dominated two-body abrasion [43], with the 

abrasive being the contact asperities, while the composites did so by tribo-oxidation, which is a 

combination of mechanical wear and oxidative wear [43] (whose relative importance is expected 

to vary with increasing sliding distance). Specifically, their wear initially occurred by plasticity-

dominated two-body abrasion until the oxide tribolayers were formed, and then the tribolayers 

wore predominantly by microfracture-dominated two-body abrasion, dictating the onset of an 

additional slight three-body abrasion (likely dominated by microfracture for the still-remaining 

tribolayer and by plasticity for the bare worn surface). Notwithstanding the above, tribo-oxidation 

only caused mild wear, lesser in Comp-B4C-4.28%Si-1800°C than in Comp-B4C-20%Si-1400°C 

(i.e., ~7.3(4)·10-8 mm³/(N·m) vs ~1.1(4)·10-7 mm³/(N·m)) due to its greater hardness and lesser 

oxidation. 

 

3.4. Correlation wear resistance and Vickers hardness 

Figure 8 shows the wear resistance as a function of Vickers hardness for the four materials. 

It can be seen (i) that Ref-B4C-1400°C is by far, given its super-low hardness (i.e., ~3.1(5) GPa), 
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the least wear resistant (i.e., ~1.70(6)·105 (N·m)/mm³) and that it underwent severe wear [43,44], 

(ii) that Ref-B4C-1800°C is the most wear resistant (i.e., ~1.8(3)·107 (N·m)/mm³) despite not being 

the hardest (i.e., ~28.4(9) GPa) and that it underwent mild wear [43,44], and (iii) that Comp-B4C-

20%Si-1400°C and Comp-B4C-4.28%Si-1800°C are slightly less wear resistant (i.e., ~1.0(5)·107 

and 1.37(8)·107 (N·m)/mm³, respectively) than Ref-B4C-1800°C despite the former being equally 

hard (i.e., ~28.7(8) GPa) and the latter the hardest (i.e., ~35.1(4) GPa) and that they also underwent 

mild wear [43,44]. Therefore, it is clear that Vickers hardness alone is not a reliable predictor of 

the wear performance of these materials, which in principle may appear counter-intuitive because 

the conventional belief is that the harder a material is the less it wears. 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Wear resistance of Ref-B4C-1400°C, Comp-B4C-20%Si-1400°C, Ref-B4C-1800°C, and 

Comp-B4C-4.28%Si-1800°C as a function of their Vickers hardness, as indicated. The regimes of 

severe and mild wear are distinguished. 
 

Underlying the above is the fact that wear occurred by different modes and/or mechanisms. 

Certainly, Ref-B4C-1400°C wore by microfracture-dominated three body abrasion, in brittle mode, 

so it was its very poor sintering which conditioned both its super-low wear resistance and its super-
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low Vickers hardness. Ref-B4C-1800°C wore, however, by plasticity-dominated two-body 

abrasion, in “ductile” mode, so that it was the intrinsic ultra-high hardness of the B4C grains which 

dictated its super-high wear resistance. Thus, its ~5.3% porosity reduced its Vickers hardness from 

~41(1) GPa1 to ~28.4(9) GPa, but did not significantly affect its wear resistance. Lastly, Comp-

B4C-20%Si-1400°C and Comp-B4C-4.28%Si-1800°C wore tribo-oxidatively, more so the former 

than the latter, and therefore they did so faster than expected according to their Vickers hardness, 

but still mildly, because their wear resistance was conditioned by the inferior mechanical properties 

of oxide tribolayers. This proneness to oxidation of the composites could, however, be beneficial 

for their use in tribological applications where B4C monoliths undergo active oxidation. 

The importance of the oxidative wear was further confirmed by complementary 

unlubricated single-pass scratch tests. Figure 9 shows OM images representative of the scratches 

in each material illustrating the relative damage susceptibilities under purely mechanical wear. It 

can be deduced from the width of the scratch tracks that the scratch resistance follows the order 

Comp-B4C-4.28%Si-1800°C (i.e., ~18.5(4) µm; Fig. 10D) > Ref-B4C-1800°C (i.e., ~22.0(5) µm; 

Fig. 10C) > Comp-B4C-20%Si-1400°C (i.e., ~24.9(5) µm; Fig. 10B) ⋙ Ref-B4C-1400°C (i.e., 

~89(1) µm; Fig. 10A), demonstrating that in the absence of oxidative wear Comp-B4C-4.28%Si-

1800°C is, given its greater Vickers hardness, the one that abrades the least. 

 

3.5. Final considerations 

The results of the present study may have important implications. First, highly durable (i.e., 

107 (N·m)/mm³) B4C–based tribo-components can be fabricated by SPS at only 1400°C if sufficient 

Si aids are used (i.e., 20 vol.%), which are nearly as wear resistant as other B4Cs SPS-ed under 

                                                 
1It has been demonstrated that Vickers hardness of B4C monoliths decays exponentially with a rate constant of ~7 due 

to the residual porosity [42]. 
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more demanding conditions [45-47] and much more affordable to fabricate and/or potentially 

scalable than other hard ceramics widely used today in tribological applications (e.g., SiC, Si3N4, 

Al2O3, etc.). Certainly, when also tested tribologically under 40 N load, a fully-dense B4C 

composite SPS-ed at 1800°C with 7 vol.% Ti-Al exhibited a SWR of ∼3.1·10-8 mm³/(N·m) [45], a 

near-fully dense (99%) B4C monolith SPS-ed at 2100°C a SWR of ∼3.8·10-8 mm³/(N⋅m) [45], a 

fully-dense B4C composite SPS-ed at 1850°C with 5 vol.% Ti-Al a SWR of ∼5.2·10-8 mm³/(N⋅m) 

[46], and a fully-dense B4C composite SPS-ed at 1800°C with 20%vol.% MoSi2 a SWR of 

~3.73·10-8 mm³/(N⋅m) [47]. Also, the proneness of the B4C–SiC composites to form passivating 

layers could favour their use in tribological applications where the B4C monoliths undergo active 

oxidation. They therefore deserve further study under an ample set of possible engineering-relevant 

wear conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. OM images representative of the scratch tracks in (A) Ref-B4C-1400°C, (B) Comp-B4C-

20%Si-1400°C, (C) Ref-B4C-1800°C, and (D) Comp-B4C-4.28%Si-1800°C. 
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Second, small proportions of aids may affect notably the wear behaviour (mode, 

mechanism, and resistance), and even degrade the wear performance more than a slight residual 

porosity. Therefore, efforts to achieve the full densification of super- or ultrahard ceramics above 

a certain porosity threshold may sometimes be unnecessary. 

Third, ceramic composites are generally less wear durable than the corresponding 

monolithic ceramics, attributable to the intrinsic interfacial weakness of the former favouring 

microcracking-driven material removal. Exceptions to this rule could be ceramic composites with 

interconnecting phases or extreme anisotropy, where grain removal is difficult, but they require 

special processing and are thus difficult to scale industrially. 

And fourth, greater Vickers hardness is not a guarantee of greater wear resistance, which is 

attributable to wear being a complex process conditioned, among other factors, by microstructural 

features. If anything, Vickers hardness might be a good proxy for wear resistance only in the case 

of purely mechanical wear dominated by plasticity. Models have been developed that consider 

more static single-cycle mechanical properties (e.g., Vickers hardness, long-crack toughness, and 

even elastic modulus [43,48-50]), but not microstructural features or the short-crack toughness that 

is the property pertinent to wear [51]. Moreover, wear is a cumulative multi-cycle process and is 

not even a material property, but a tribo-system property. 

 

4. Conclusions 

A study was conducted of the unlubricated sliding-wear behaviour of B4C–SiC composites 

fabricated by SPS from B4C+Si powders and of their reference B4C monoliths. Based on the 

experimental results and analyses, the following conclusions can be drawn: 

1. SPS of B4C+20vol.%Si at only 1400°C results in superhard dense B4C–SiC composites that 
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are highly sliding wear resistant, and wear by mild tribo-oxidation with preferential removal 

of the oxide tribolayer. They are two orders of magnitude more wear resistant than their 

reference B4C monoliths, which, due to their very poor sintering, undergo severe 

microfracture-dominated three-body abrasion. 

2. The superhard B4C–SiC composites SPS-ed at 1400°C from B4C+20vol.%Si are, despite 

their lesser hardness and greater proneness to form an oxide tribolayer, only slightly less 

wear resistant than their ultrahard counterparts SPS-ed at 1800°C from B4C+4.28vol.%Si, 

and require a much lower SPS temperature. 

3. The B4C–SiC composites SPS-ed from B4C+Si are, whether superhard or ultrahard, 

comparatively a bit less sliding wear resistant than superhard well-sintered B4C monoliths, 

attributable to the latter wearing by mild plasticity-dominated two-body abrasion without 

porosity-induced grain pull-out, but the former require smoother SPS cycles (the more so 

the more Si aids are used). 

4. Vickers hardness is not a reliable guide to screen the wear resistance of the B4C–SiC 

composites and B4C monoliths, attributable to their different wear modes/mechanisms. 
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Figure Captions 

Figure 1. SEM images representative of the polished, electrochemically etched (1% KOH solution 

at ~0.03 A/cm² for ~30 s) surface of (A) Ref-B4C-1400°C, (B) Comp-B4C-20%Si-1400°C, (C) 

Ref-B4C-1800°C, and (D) Comp-B4C-4.28%Si-1800°C, as well as (E) XRD patterns of these four 

materials, as indicated. The SEM imaging was done with secondary electrons at 15 kV. In (B) and 

(D), dark-grey grains are boron carbide and white grains are β-SiC. The XRD patterns were 

acquired with pure CuKα1 incident radiation, and were indexed using the PDF2 database. The weak 

C peak in the XRD patterns of Ref-B4C-1400°C and Ref-B4C-1800°C indicates a very minor 

content (i.e., <1 wt.%) of residual C (impurity of the B4C and/or taken up during SPS). 

 

Figure 2. DOM images representative of the uncleaned (top) and cleaned (bottom) wear tracks of 

(A) Ref-B4C-1400°C, (B) Comp-B4C-20%Si-1400°C, (C) Ref-B4C-1800°C, and (D) Comp-B4C-

4.28%Si-1800°C at the conclusion of the wear tests (i.e., 1000 m slid). The insets in (A) and (B) 

show lower-magnification DOM images of the entire wear track (4-cm diameter). SEM images of 

the wear debris collected from (E) Ref-B4C-1400°C, (F) Comp-B4C-20%Si-1400°C, and (G) 

Comp-B4C-4.28%Si-1800°C, as well as (H) the corresponding indexed EDS spectra. The SEM 

imaging was done with secondary electrons at 20 kV, and EDS analyses at 10 kV. The letters E, F, 

G, H1, H2, and H3 correlate images with each other. 

 

Figure 3. OP 3-D images representative of the cleaned wear tracks of (A) Ref-B4C-1400°C, (B) 

Comp-B4C-20%Si-1400°C, (C) Ref-B4C-1800°C, and (D) Comp-B4C-4.28%Si-1800°C at the 

conclusion of the wear tests (i.e., 1000 m slid), as well as (E) typical 2-D profiles extracted from 

them, as indicated. The white arrows in (A)-(D) denote the sliding direction. 
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Figure 4. (A) OM and (B-D) SEM images showing the wear damage at the macro- and micro-

scales in Ref-B4C-1400°C at the conclusion of the wear tests (i.e., 1000 m slid) after cleaning the 

worn surface. SEM imaging was done with secondary electrons at 15 kV. The red arrows denote 

the sliding direction. The letters B, C, and D in (A) correlate images with each other. 

 

Figure 5. (A) OM and (B-C) SEM images representative of the wear damage at the macro- and 

micro-scales in Comp-B4C-20%Si-1400°C at the conclusion of the wear tests (i.e., 1000 m slid) 

after cleaning the worn surface. (D) EDS elemental composition map of O inside and outside the 

wear track. SEM imaging was done with secondary electrons at 15 kV, and EDS mapping also at 

15 kV. The red arrows denote the sliding direction. 

 

Figure 6. (A) OM and (B) SEM image representative of the wear damage at the macro- and micro-

scales in Ref-B4C-1800°C at the conclusion of the wear tests (i.e., 1000 m slid) after cleaning the 

worn surface. (C) SEM image representative of the surface of Ref-B4C-1800°C outside the wear 

track showing that the pitted zones in (B) consist of pores, not grains pulled-out during the wear 

tests. SEM imaging was done with secondary electrons at 15 kV. The red arrows in (A)-(B) denote 

the sliding direction. 

 

Figure 7. (A) OM and (B-C) SEM images representative of the wear damage at the macro- and 

micro-scales in Comp-B4C-4.28%Si-1800°C at the conclusion of the wear tests (i.e., 1000 m slid) 

after cleaning the worn surface. (D) EDS elemental composition map of O inside the wear track. 

SEM imaging was done with secondary electrons at 15 kV, and EDS mapping also at 15 kV. The 

red arrows denote the sliding direction. 
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Figure 8. Wear resistance of Ref-B4C-1400°C, Comp-B4C-20%Si-1400°C, Ref-B4C-1800°C, and 

Comp-B4C-4.28%Si-1800°C as a function of their Vickers hardness, as indicated. The regimes of 

severe and mild wear are distinguished. 

 

Figure 9. OM images representative of the scratch tracks in (A) Ref-B4C-1400°C, (B) Comp-B4C-

20%Si-1400°C, (C) Ref-B4C-1800°C, and (D) Comp-B4C-4.28%Si-1800°C. 
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 SPS of B4C+20vol.%Si at 1400°C yields highly wear resistant B4C–SiC composites. 

 SPS of B4C+4.28vol.%Si at 1800°C yields even more wear resistant B4C–SiC 

composites. 

 The B4C–SiC composites SPS-ed from B4C+Si wear by mild tribo-oxidation with 

preferential removal of the tribolayer. 

 The reference B4C monoliths SPS-ed at 1400°C undergo severe wear by mechanical 

abrasion.  

 The reference B4C monoliths SPS-ed at 1800°C undergo mild wear by mechanical 

abrasion.  

 Superhard B4C monoliths are more sliding wear resistant than superhard/ultrahard 

B4C–SiC composites. 

Highlights




