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Abstract
The sliding-wear resistance of pure near fully-dense B4C is investigated, and the wear
mode/mechanisms identified, under lubrication with water, diesel fuel, and paraffin oil. It is
found that the wear is mild in the three cases, with specific wear rates (SWRs) of 10‒16‒10‒17
m3/N∙m. Nonetheless, the wear resistance of the B4C ceramic is one order of magnitude greater
under oil lubrication (1016 N∙m/m3) than under water lubrication (1015 N∙m/m3), and twice as
great for the specific case of paraffin oil than diesel fuel, attributable to the lubricantꞌs viscosity.
It is also found that the wear mode is always abrasion, and that the wear mechanisms are plastic
deformation and localized fracture with grain pullout. However, in agreement with the macrowear data, the severity of the wear damage is lower under lubrication with paraffin oil, followed
by diesel fuel, and lastly water. Finally, microstructural considerations are discussed with a view
to enhancing the sliding-wear resistance of B4C triboceramics.
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1. Introduction
There is continuous demand for ultra-hard ceramics for tribological applications. This is
particularly the case for the carbide family (especially the covalent and interstitial carbides),
which, in general, possess the greatest hardnesses of the advanced ceramics (oxide and nonoxide ceramics). B4C, with its exceptional hardness (the hardest material known after diamond
and cubic BN), is therefore a promising candidate for the fabrication of triboceramics requiring
durability and high wear resistance [1-9]. B4C is also exceptionally lightweight, an attribute that
is key in movable or rotatory tribological applications where reduction of spurious weight is of
prime importance. It is no surprise then that B4C is often used to fabricate blast nozzles, wheel
dressing tools, bearings, mechanical seals, and cutting tools, to name some of its main industrial
tribological applications.
The wear resistance of B4C has been the subject of earlier study. Thus for example, using
the ball cratering test Moshtaghioun et al. [10] investigated microstructural effects on the
abrasive wear of B4C ceramics fabricated by spark-plasma sintering (SPS), measuring specific
wear rates (SWRs) of the order of 10‒14 m3/N∙m and finding that the wear resistance is dictated
by the hardness, which is in turn controlled by the residual porosity without correlation with the
grain size (in the range 120 nm‒17.2 m). Similarly, Turatti et al. [11] analyzed the abrasive
wear of micrometre B4C ceramics fabricated by pressureless sintering with and without
methylation of the starting powder and/or carbon additives (3.5 wt.%), also measuring SWRs of
the order of 10‒14 m3/N∙m and observing that methylation improves the wear resistance as a
result of the greater hardness. Commercially available B4C ceramics processed by hot-pressing
and tested under the same wear conditions also exhibited SWRs of the order of 10‒14 m3/N∙m
[11]. Zorzi et al. [4] used the ball cratering test to compare the abrasive wear of B4C ceramics
and of B4C‒SiC, B4C‒TiB2, B4C‒B, and B4C‒C (4 wt.% additives) composites prepared by
3

pressureless sintering, again reporting SWRs of the order of 10‒14 m3/N∙m that decreased with
increasing hardness. Likewise, 10‒14 m3/N∙m is also the order of magnitude of the SWR
measured by Shipway et al. [12] for the abrasive wear of a superhard B4C‒3wt.%C composite
(i.e., 36.3 GPa hardness). Owing to their industrial use as nozzles, studies have been conducted
as well on the impact erosion of B4C ceramics and composites under abrasive air-jets [7,8] and
water-jets [9], observing lower erosion rates with increasing hardness.
The two-body sliding wear of bulk B4C without external abrasion has, however, been less
investigated, despite many triboceramics having the potential to operate under these contact
conditions. Recently, Sonber et al. [13] studied the reciprocating sliding (ball-on-flat geometry)
of hot-pressed B4C ceramics under dry un-lubricated conditions and a WC‒Co counterbody,
reporting SWRs of the order of 10‒15 m3/N∙m that increased with increasing load (3‒10 N load)
and frequency (10‒15 Hz). Also, Larsson et al. [14] measured SWRs for the self-mated sliding
of B4C ceramics (pin-on-disk geometry) that decreased in the range 10‒11‒10‒14 m3/N∙m with
increasing relative humidity (in the range 20‒100%). Clearly, more tribological studies are still
needed to expand the existing understanding of the sliding wear performance of B4C ceramics
and composites under different operating conditions, including the identification of the dominant
wear damage mechanisms.
With these premises in mind, in the present study we investigated the lubricated sliding
wear of a pure near fully-dense B4C ceramic fabricated by SPS, which is currently being used to
prepare B4C ceramics and composites without sintering additives [15-19]. In particular, the
tribological performance was evaluated and the wear damage mechanisms identified under full
lubrication with water, paraffin oil, and diesel fuel. Water was selected because, being cheap,
abundant, and environmentally friendly, it is a widely used liquid lubricant with a high cooling

4

capacity. Paraffin was chosen because oil-based lubricants are also widely used since they are
less reactive, have longer durability, and better performance/lubricity, and are still safe,
abundant, cost-affordable, and environmentally acceptable. Finally, diesel fuel was included in
this comparative wear study because there is a growing interest in replacing metals by ceramics
in many diesel engine tribocomponents to enhance the overall engine efficiency and
performance.

2. Experimental procedure
The starting material was a commercially available submicrometric powder of B4C
(Grade HD 20, H.C. Starck, Germany). This powder has been characterized in detail elsewhere
[19,20], concluding that (i) the particles have an average size of ~0.6 m with an equiaxed and
faceted morphology, and (ii) apart from B4C there are also H3BO3 and graphite impurities. The
B4C powder was densified by SPS (SPS510CE, SPS Syntex Inc., Japan) in a dynamic vacuum
atmosphere at a temperature of 1800 °C for 3 min under 75 MPa pressure, with a heating ramp of
100 °C∙min−1. After the completion of the SPS cycle, the pressure was released and the electrical
power was shut off to allow rapid cooling (i.e., in 1–2 min) to room temperature. The resulting
B4C ceramic was broken, and its fracture surface was observed by scanning-electron microscopy
(SEM; Quanta 3D FEG, FEI, The Netherlands). Its surface was also polished to 1-m finish
using conventional ceramographic methods, and its hardness was evaluated by Vickers
indentation tests (MV-1, Matsuzawa, Japan) at 9.81 N load (ten indentations).
The sliding-wear tests were done in the ball-on-three-disks geometry under total
lubrication conditions with the tribocouple fully immersed in water, paraffin oil, or diesel fuel. A
commercial bearing-grade Si3N4 ball (NBD 200, Cerbec, USA) of radius 6.35 mm was used to
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apply a normal contact load of 250 N, with a rotation speed of 100 rpm (corresponding to a
sliding velocity of ~0.047 m/s). The wear tests were interrupted at intervals to evaluate the size
of the wear scar on the B4C disks by optical microscopy, from which worn volumes were
computed [21] to thus construct the wear curve (i.e., linear plot of the main worn volume vs.
sliding distance) and to determine steady-state wear rates and therefore steady-state specific wear
rates‡. Finally, the wear damage on the B4C disks at the microstructural level was observed by
SEM.

3. Results and discussion
Fig. 1 shows a representative SEM image of the B4C ceramic fabricated here by SPS
(1800 °C for 3 min under 75 MPa). As can be seen, it has a fine-grained microstructure and is
near fully-dense. Specifically, the average grain size is ~0.6 m, and the residual porosity is less
than 5%. The absolute density measured by Archimedes' method is ~2.395 g/cm3, which
confirms the near-full densification (i.e., relative density of ~95%). Fig. 2 shows the XRD
pattern of this B4C ceramic. As expected from the composition of the starting powder, it is
essentially B4C (majority phase) with some residual B2O3 and C (very minority phases). The
hardness of this B4C ceramic is ~29±1 GPa.
Fig. 3 shows the worn volume (macro wear) as a function of the sliding distance for the
B4C ceramic, as determined from the ball-on-three-disks tests with water, diesel fuel, and
paraffin oil lubrication. It can be seen that in the three cases the wear volume increases linearly
with increasing sliding distance, indicative of steady-state wear. Moreover, for every sliding
distance, the wear volume is significantly greater in the specimen tested under water lubrication,
‡

In the steady-state wear stage, the wear volume (V) follows the relationship V=wR∙d, where the constant wR is the
wear rate and d is the sliding distance. The specific wear rate (SWR) is defined as SWR=wR/P, where P is the applied
normal load per disk.
6

followed by the specimen tested under diesel fuel lubrication, and lastly by the specimen tested
under paraffin oil lubrication. Indeed, the wear rates, calculated from linear fits to the wear data
in Fig. 3, are 5.1∙10‒14±1.8∙10‒15, 3.6∙10‒15±1.7∙10‒16, and 1.72∙10‒15±1.7∙10‒16 m3/m under water,
diesel fuel, and paraffin oil lubrication, respectively, so that the corresponding SWRs are
calculated

to

be

8.6∙10‒16±3.0∙10‒17

(water),

6.0∙10‒17±2.8∙10‒18

(diesel

fuel),

and

2.9∙10‒17±2.9∙10‒18 (paraffin oil) m3/N∙m. These SWR values indicate mild wear at a
macroscopic level in the three cases, which is characteristic of ultra-hard ceramics tested under
lubricated ball-on-three-disk contact [22-24]. This supports the suitability of the present B4C
ceramic as tribomaterial, at least under proper lubrication. Nonetheless, the wear resistance of the
B4C ceramic is one order of magnitude greater when the contact is lubricated with oils (1.7∙1016
and 3.4∙1016 N∙m/m3 for diesel fuel and paraffin oil, respectively) than with water (1.2∙1015
N∙m/m3), and is two twice as great if the oil is specifically paraffin oil than it is diesel fuel.
These trends are also evident from the mere visual comparison of the SEM images of the wear
damage induced at the mesostructural scale under the different lubricants – as can be seen in
Fig.4, the differences in the wear-scar size are (i) vast when the lubricant is water, and (ii)
smaller between the two lubricant oils.
Figs. 5‒7 show SEM images representative of the wear damage at the microstructural
scale. In particular, two types of micro wear markings can be observed in Figs. 4‒7 under each of
the three lubricants: (i) scratches, due to plastic deformation caused by the indentation and
sliding of sharp asperities of the counterbody ball and/or dislodged sharp particles (from the ball
and/or specimen) trapped under the contact [25]; and (ii) pitted regions, which correspond to
grain pullout from the subsurface. Grain pullout is the result of fracture from plasticity-induced
stresses acting on both pre-existing defects (such as flaws at grain boundaries and pores) [26]
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and cracks which nucleate within (shear cracks) or at the edges (median and lateral cracks) of the
plastic zone [25]. In all cases, the pitted regions in which grain pullout is observed are relatively
shallow (that is, material loss is confined to the region immediately below the surface), which is
entirely consistent with SWR values characteristic of mild wear at the macro-scale. These
lubricated sliding-wear mechanisms are characteristic of abrasive wear of ceramics. Nonetheless,
the specimens tested in water contain relatively more scratches, and those are also wider than the
scratches observed in the specimens tested in oils (diesel fuel and paraffin oil). In addition, the
specimens tested in water contain more pitted regions, and these are also larger and extend
somewhat deeper below the surface than in the specimens tested in oils. Similarly, the specimens
tested in diesel fuel contain more and wider scratches, as well as larger and deeper pitted areas
than the specimens tested in paraffin oil, but the difference in wear damage is less patent than in
the oil vs water case. Finally, it should be noted that despite water being a potentially reactive
lubricant, the SEM images of the specimens tested in water do not show evidence of
triboreactions under the loading conditions used in this study.
Wear at the macroscopic scale is the result of cumulative wear processes at the
microscopic scale [25]. In this context, the wear volumes measured in the B4C ceramic are
qualitatively consistent with the microscopic observations in the sense that the specimens tested
in water show far greater macro-wear than the specimens tested in oils as a result of a greater
number of wider scratches, and larger pitted regions. This also applies to the cases of the
specimens tested in diesel fuel and paraffin oils. Given that water does not induce triboreactions
here, the greater wear under water lubrication is ultimately due to the lower viscosity of water
compared with the oils ‒ i.e., ~1 (water), 3.8 (diesel fuel), and 34 (paraffin oil) cSt ‒which
allows for closer contact between the asperities of the sliding sphere and the specimens in the
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former case. The occurrence of more severe micro-contacts in turn results in (i) increased plastic
deformation damage, and (ii) attendant increases in the extent of subsurface precursor damage in
the form of shear, median, and/or lateral cracks. The former is consistent with the wider
scratches observed in the specimens tested in water, and the latter increases the probability of
crack propagation and coalescence, which is consistent with the larger size of the pitted regions
in the water tests. The same argument holds in explaining the greater wear under diesel fuel
lubrication in relation to the paraffin oil lubrication [27], with diesel fuel having lower viscosity
than paraffin oil, i.e., ~3.8 (diesel fuel) vs 34 (paraffin oil) cSt.
It is important to note that the severity of the micro-contacts is controlled not only by the
lubricant, as proved by this study, but also by the applied load and the presence of third body
abrasives. Indeed, higher viscosity lubricants and/or very low loads can result in sub-threshold
micro-contacts, that is, without attendant sub-surface cracking [28]; in this case, plasticdeformation controlled, milder wear is expected. On the other hand, a lower viscosity lubricant,
and/or higher loads and/or the presence of sharp particles under the contact (third body abrasion)
will result in increased cracking around the micro-contacts; in this case, more severe wear will
ensue. This is indeed the case of previous tests conducted in B4C ceramics by others [4,10-12], in
which, despite a relatively low applied load (a few newtons or less), SWR values of the order of
magnitude of 10‒14‒10‒15 m3/N∙m, greater than those measured in this study, were obtained due
to the presence of abrasive hard particles under otherwise milder contact conditions than the ones
used here.
Further improvements in sliding-wear resistance beyond the tribosystem optimization can
be obtained via microstructural control of the B4C ceramics. Specifically, reducing the residual
porosity is key to achieving B4C ceramics with super-high hardness (i.e., >30 GPa), and
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therefore with lower SWRs [29]. Note that it has been demonstrated recently that the SWR of
B4C ceramics, also fabricated by SPS, increases markedly by ~30 and 50% for residual porosities
of ~1 and 5%, respectively [10]. This same trend has also been observed in ZrC ceramics,
confirming that, in terms of wear resistance, the use of sintering additives is more convenient
than an incomplete densification [24]. Additionally, reducing the grain size should also result in
greater hardness [26,30], and therefore in lower SWRs [29]. This has been validated in other
advanced ceramics [22,24,26,27,29,31-34], although in the B4C triboceramics the grain size
effect is secondary to the residual porosity effect [10].

4. Conclusions
We have fabricated a pure near fully-dense B4C ceramic (~5% porosity) by SPS (1800 °C
for 3 min under 75 MPa), and evaluated its tribological response (i.e., measurement of the wear
resistance and identification of the wear mode/mechanism) under sliding contacts lubricated with
water, diesel fuel, and paraffin oil. Based on the results and analyses, the following conclusions
can be drawn:
1.

Under the sliding contact conditions used (load and lubricants), the wear of the
present B4C ceramic is mild, with SWRs of order of magnitude between 10‒16 and
10‒17 m3/N∙m. It is thus suitable for use in tribological applications, at least under
proper lubrication.

2.

The sliding-wear resistance of this B4C ceramic is one order of magnitude greater
under oil lubrication (1.7∙1016 and 3.4∙1016 N∙m/m3 for diesel fuel and paraffin oil,
respectively) compared to water (1.2∙1015 N∙m/m3), and is twice as great for the
specific case of paraffin oil than diesel fuel, which is attributable to the lubricantꞌs
viscosity.
10

3.

Regardless of the lubricant, the lubricated sliding-wear mode of this B4C ceramic is
abrasion and the wear mechanisms are plastic deformation and localized fracture
with grain pullout. The severity of the wear damage at the microstructural scale and
of the macro wear (i.e., worn volumes or wear-scar size) are correlated.
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Figure Captions

Figure 1. Representative SEM images of the fracture surface of the B4C ceramic. The inset is a
SEM image at higher magnification, showing more details.
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Figure 2. XRD pattern of the B4C ceramic. Peak assignations are included.
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Figure 3. Wear curves for the B4C ceramic under sliding contact fully lubricated with water,
diesel oil, and paraffin oil. Points are the experimental data. The solid lines are the linear fits to
the data used to compute the corresponding SWRs.

18

Figure 4. Low-magnification SEM images of the wear scars for B4C ceramic at the end of the
lubricated sliding-wear tests. The same scale bar is used intentionally to allow the
straightforward visual comparison of the wear-scar sizes.
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Figure 5. Representative SEM images of the damage within the wear scar of the B4C ceramic
tested under water lubrication showing details of (A) the overall damage, (B) scratches, and (C)
pitted regions.
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Figure 6. Representative SEM images of the damage within the wear scar of the B4C ceramic
tested under diesel fuel lubrication showing details of (A) the overall damage, (B) scratches, and
(C) pitted regions.
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Figure 7. Representative SEM images of the damage within the wear scar of the B4C ceramic
tested under paraffin oil lubrication showing details of (A) the overall damage, (B) scratches, and
(C) pitted regions.
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