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Abstract

Fully densified SiC ceramics were developed from commercially available b-SiC powders using small amount (3 wt%) of AlN–Sc2O3 or AlN–

Y2O3 additives by hot pressing at 2050 8C for 6 h in nitrogen atmosphere, and their wear properties were investigated by subjecting to self-mated

sliding at different loads (1, 6 and 13 N) under unlubricated conditions. SiC ceramics prepared with 3 wt% AlN–Y2O3 additives consisted of mostly

large equi-axed grains with amorphous grain boundary phase of �1.2 nm thickness, whereas SiC ceramics sintered with 3 wt% AlN–Sc2O3

additives showed duplex microstructure of elongated and fine equi-axed grains with clean grain boundary. As the load was increased, the steady

state coefficient of friction reduced from �0.6 to �0.2, and wear rate increased from 10�6 to 10�5 mm3/N�m. It was observed that the friction did

not depend on the additive composition, while less wear was observed for the SiC ceramics sintered with 3 wt% AlN–Sc2O3 additives consisting of

clean grain boundary. The material loss was increased with the increased amount of sintering additive to 10 wt%. The worn surface morphology

revealed that the material was primarily removed via surface grooving and microcracking at 1 N load, while tribochemical wear dominated at 6 and

13 N loads.
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1. Introduction

Silicon carbide is considered as a suitable material for

various structural applications such as mechanical seals,

bearings and cylinder liners because of its superior properties

of high hardness, high temperature strength and excellent

resistance to wear and corrosion [1–3]. Accordingly, extensive

research has been carried out towards estimating the

tribological potential of this important material in various

conditions [4–17]. The coefficient of friction (COF) in the

reported sliding studies varied in the wide range of 0.2–0.8,

while wear rates were in the order of 10�7 to 10�5 mm3/N�m.

[5–9]. The complex wear behavior was largely explained by

several mechanisms of material removal such as plastic

deformation, ploughing, and/or formation and removal of

tribooxide layer [5–14]. While most of the published research
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about sliding wear of SiC ceramics was conducted to estimate

the influence of sliding test, material or environmental

parameters, the influence of microstructural characteristics

on unlubricated sliding wear behavior is relatively less

reported. Cho et al. [13] and Lopez et al. [14–16] studied

the effect of microstructure on sliding wear properties of SiC

ceramics under paraffin oil lubrication and reported that wear

resistance decreased with an increase in the content of

intergranular phase, grain coarsening or applied load.

The liquid-phase sintering using metal oxides, Al-B-C,

AlN–metal oxides as sintering additives is recommended for

producing SiC ceramics with tailored microstructure and

improved fracture toughness [17–20]. Among various additive

systems, AlN and RE2O3 (RE: rare-earth elements) system is

preferred due to relatively less weight loss [21], easy control of

oxynitride decomposition and absence of gas phase reactions

below 2000 8C [18]. The use of RE2O3 renders SiC ceramics

with excellent high temperature strength and toughness

properties [22]. The platelet-reinforced microstructures

exhibit enhanced toughness due to the combination of
d.
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intergranular crack mode, introduced by the glassy grain

boundary phase, and energy dissipating processes in the

crack wake [23]. It has been recently identified that sintering

additive composition plays a dominant role in effecting the

crystallinity  of grain boundary phase. Amorphous intergra-

nular phase was obtained using AlN–Y2O3 [24,25] and AlN–

Er2O3 [19] additives systems, whereas AlN–Sc2O3 render

clean grain boundary [26,27], and AlN–Lu2O3 systems render

clean [28] or crystallized grain boundary [29]. It is to note that

most of the published research was conducted towards

characterization of SiC ceramics prepared with relatively

large amounts (�5 wt%) of sintering additives, while

processing and properties of SiC ceramics sintered with small

amount of additives was rarely reported [30]. In order to

achieve conceptual advancement in the design of wear-

resistant ceramics, it becomes necessary to understand the

influence of small amount of sintering additives on unlu-

bricated sliding wear properties of SiC ceramics.

In this context, SiC ceramics consisting of different

microstructural characteristics were fabricated using small

amount (3 wt%) of AlN–RE2O3 (RE: Y and Sc) additives in the

present study, and the particular influence of additive

composition on the sliding wear properties under unlubricated

conditions was discussed.

2. Experimental

Commercially available b-SiC (Ultrafine grade, Betarun-

dum, Ibiden Co. Ltd., Ogaki, Japan), AlN (Grade F, Tokuyama

Soda Co., Tokyo, Japan), and metal oxides (Y2O3, and Sc2O3,

99.9% pure, Shin-Etsu Chemical Co., Tokyo, Japan) were used

as the starting powders. The mean particle size and the specific

surface area of the b-SiC powders were 0.27 mm and 17.5 m2/g,

respectively. A powder mixture of SiC and 3 wt% additives,

AlN and RE2O3 (RE: Y, Sc) was prepared. The relative amount

of RE2O3 in the total content of additives was 20 mol%. The

respective powder batches were milled in ethanol for 24 h using

SiC grinding balls. The milled slurry was dried, sieved, and hot-

pressed at 2050 8C for 6 h under a pressure of 25 MPa in N2

atmosphere. For comparison, ceramics with initial powder

mixture of SiC and 10 wt% AlN–Sc2O3 were also prepared.

The details of specimen designation, batch composition and

additive systems are given in Table 1.

The bulk density of the sintered specimen was measured

using the Archimedes method. The theoretical densities of each

specimen were calculated according to the rule of mixtures

using the following densities: b-SiC 3.216 g/cm3 (JC-PDF #29-
Table 1

Batch composition, and physical and mechanical properties of sintered SiC specim

Specimen

designation

Batch composition (wt%) Additive

content (wt%)

SCY3 97 b-SiC + 1.262 AlN + 1.738 Y2O3 3 

SCSc3 97 b-SiC + 1.629 AlN + 1.371 Sc2O3 3 

SCSc10 90 b-SiC + 5.430 AlN + 4.570 Sc2O3 10 
1129), AlN 3.261 g/cm3 (JC-PDF #25-1133), Y2O3 5.032 g/

cm3 (JC-PDF #43-1036), and Sc2O3 3.840 g/cm3 (JC-PDF #43-

1028). The sintered specimens were cut in the perpendicular

direction to pressing axis, polished, and etched using a CF4

plasma containing 20% O2. The grain morphology was

observed using scanning electron microscopy (SEM, S4300,

Hitachi Ltd., Japan). After regular methods of sample

preparation, high resolution transmission electron microscopy

(HRTEM, 400 kV, JEM-4010, JEOL, Japan) was used to

observe SiC–SiC and SiC-junction phase boundaries and to

determine the presence of amorphous phases at the grain

boundaries. The chemical compositions of the grains and

junctions were analyzed by using energy dispersive spectro-

scopy (EDS). A scanning TEM interface box was integrated

with the microscope so that an electron probe of 15 nm

diameter could be used for the EDS analysis of grains and

ternary junctions. The microhardness and macrohardness of the

polished specimens were measured by Vickers indentation,

done at 2.9 N load for dwell time of 10 s (MVK-H1, Akashi

Corporation, Japan) and 196 N load for dwell time of 30 s

(AVK-C2, Akashi Corporation, Japan), respectively. The

lengths of cracks generated by Vickers indentation at 196 N

were measured and fracture toughness was estimated using the

following formula [31].

KIc ¼ 0:016
E

H

� �0:5
P

c1:5
(1)

where H is hardness, P is load, and c is crack length. Elastic

modulus E of 443 GPa was used.

Wear tests were conducted on polished bar shaped SiC

sintered specimens of 5 mm � 15 mm � 15 mm size against

commercial SiC balls (hardness: 25–28 GPa, surface rough-

ness: Ra 8 nm, SBB Tech. Co., Suwon, Korea) of 6.35 mm

diameter using a unidirectional ball-on-disk tribometer in

ambient conditions (20 � 5 8C and 50 � 10% RH). The

detailed description of the tribometer can be found elsewhere

[32]. Both SiC balls and sintered SiC disks were ultrasonically

cleaned with acetone prior to wear testing. SiC balls were fixed

in the ball holder so as to make a track radius of 2.0 mm from

the central axis and the tests were conducted at a fixed rotational

speed of 1000 rpm (linear speed of 0.21 m/s) for 15 min (total

sliding distance of 188 m). The sliding tests were carried out at

1 N, 6 N or 13 N load that resulted in a maximum Hertzian

contact stress (initial) of 1.1, 1.9 or 2.5 GPa, respectively.

During the test runs, frictional forces were recorded using an

electronic sensor to generate real time coefficient of friction

(COF) data. Surface profiles of the worn disk specimens were
ens.

Relative

density (%)

Hardness (GPa) Fracture Toughness

(MPa�m1/2)
HV0.3 HV20

98.0 21.4 � 3.3 19.2 � 2.7 4.1 � 1.3

99.2 26.2 � 3.3 23.3 � 4.0 6.4 � 0.8

99.9 24.7 � 0.0 22.0 � 1.3 3.4 � 0.1
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acquired using an alpha-step profilometer (Model No.: 500,

TENCOR, Germany) to measure the depth and width of wear

tracks. The wear track width and maximum depth were further

used in computing the wear volume (and subsequently wear

rate) of the SiC disk specimens according to following

relations.

V ¼ 2prwd (2)

WR ¼ V

Ps
(3)

where V is wear volume (mm3); r, w and d are radius, width and

depth of wear track, respectively (mm); P is normal load (N); s

is total sliding distance (m); WR is the wear rate in (mm3/N�m).

In order to understand the wear mechanism, a detailed micro-

structural characterization of the as-worn surfaces was con-

ducted using SEM.

3. Results and discussion

The influence of additive composition on density of the

sintered SiC specimen is shown in Table 1. The hot pressing of

the investigated powder mixtures resulted in high density

(�98%). During hot-pressing, AlN–RE2O3 additives react with

the native SiO2, present on SiC particles to form an RE–Si–Al–

oxynitride melt, which upon heating to high temperature forms

RE–Si–Al–O–C–N melt by dissolution of SiC [27–29]. Thus,

solution-reprecipitation occurring during liquid phase sintering

(LPS) promotes densification. The present results essentially

indicate that small amount (3 wt%) of sintering additives used
Fig. 1. Representative microstructures of polished and etched surfaces of developed

designation.
was sufficient for the densification of Sc2O3 or Y2O3-

containing additive systems.

The representative microstructures of the plasma-etched

surfaces of the sintered specimens are provided in Fig. 1. In

general, all specimens showed microstructures consisting of

platelet a-SiC (elongated, in two dimensions) and equi-axed b-

SiC grains. The microstructure of SCY3 consisted of equi-axed

and platelet grain structure (Fig. 1a), whereas that of SCSc3

showed thick and largely elongated, and fine equi-axed grains

(Fig. 1b). With increased additive content to 10 wt%, the

SCSc10 showed limited grain growth (Fig. 1c). Further, it was

understood that the cations of additives incorporated into the

RE–Al–Si–oxycarbonitride glass phase effectively alter the

physical properties, force balance and, in turn, the thickness of

the intergranular film [33]. Typical TEM images of junction

phase and grain boundaries of the sintered specimen are shown

in Fig. 2. EDS analysis at the SiC–SiC junctions showed the

presence of secondary phases, such as Y–O–Si–C in SCY3

(Fig. 2a). Furthermore, HRTEM images in Fig. 2b and c reveal

that SCY3 microstructure contained an amorphous grain

boundary phase of �1.2 nm thickness, whereas clean grain

boundary is observed in SCSc specimen. Thus, the smaller

cation appears to lead the higher tendency for the clean

boundaries. These results are consistent with the reported TEM

studies of systems with 10 vol% AlN–RE2O3 (RE: Sc, Y, Lu)

additives [26–28].

The surface morphology of the fractured SiC ceramics is

shown in Fig. 3. All specimens in general exhibit mixed

characteristics of transgranular and intergranular fracture. The

large elongated grains in SCSc3 indicate more tortuous crack
 SiC ceramics (a) SCY3, (b) SCSc3, and (c) SCSc10. Refer Table 1 for sample



Fig. 2. TEM images of SiC ceramics revealing (a) junction phases in SCY3, (b) amorphous grain boundary in SCY3, and (c) clean grain boundary in SCSc3.
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path that may lead to higher fracture toughness. Usually, crack

bridging, frictional grain bridges, and elastic bridges are

reported as major toughening mechanisms for the LPS-SiC

ceramics [34,35]. Several investigations suggest that the

variation in the composition of the sintering additives and

hence the composition of the grain boundary phase can play a

significant role in altering the crack propagation behavior of

LPS-SiC ceramics [36,37]. Similar observations were reported
Fig. 3. Fracture surfaces of SiC ceramics: 
for SiC ceramics sintered with Y3Al5O12 and SiO2 [36] and SiC

ceramics sintered with RE2O3 (RE: La, Y, Nd, Yb) and Al2O3

[37].

The hardness and facture toughness measurements of SiC

ceramics sintered with small amount of additives are

presented in Table 1. A maximum micro hardness of

�26 GPa was recorded for SCSc3, while SCY3 exhibited

minimum micro hardness of �21 GPa. The presence of weak
(a) SCY3, (b) SCSc3, and (c) SCSc10.



Fig. 4. (a) The evolution of coefficient of friction (COF) with time for the SCSc3 ceramics slid at different loads and (b) average COF of SiC ceramics as a function of

load.

Fig. 5. Typical profiles of worn surfaces of SiC ceramics after sliding at 13 N

load.
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amorphous grain boundary phase resulted in low hardness for

SCY3, whereas the clean grain boundary phase provided the

highest hardness for SCSc3. With increased additive content,

SCSc10 showed a slightly reduced hardness of �25 GPa,

which can be attributed to the increased volume fraction of

secondary phases. However, finer microstructure in SCSc10

resulted in higher hardness than that observed in SCY3.

Further, macro hardness measurements were 2–3 GPa lower

than their respective micro hardness values. Indeed, SCSc3

exhibited the highest hardness of �23 GPa amongst the

investigated ceramics. It is also evident from Table 1 that

SCSc3 specimen possessed the highest fracture toughness of

6.4 MPa�m1/2, whereas SCY3 exhibited 4.1 MPa�m1/2. With

increased additive content, SCSc10 showed the lowest

fracture toughness of 3.4 MPa�m1/2. Relating to the micro-

structural characteristics, the high toughness of SCSc3 was

attributed to the presence of large platelet grains and more

tortuous fracture surface in SCSc3, while finer microstructure

resulted in low toughness in SCY3 or SCSc10.

When subjected to unlubricated sliding against SiC balls, all

sintered SiC specimens exhibited an almost identical evolution

of COF with time regardless of the additive composition or

content (Fig. 4). The general observation is that COF increased

to a peak value during initial 100 s (running-in-period) and

thereafter attained a steady state. With increase in load from 1

to 13 N, fluctuations reduced (Fig. 4a) and average steady state

COF decreased (Fig. 4b). There existed a small difference in

steady state COF with respect to additive composition at low

load (1 N), while such a variation diminished at intermediate

(6 N) or high (13 N) load. A maximum steady state COF of 0.56

was recorded for SCY3 at 1 N, while a minimum steady state

COF of 0.22 recorded for all specimens at 13 N. The COF in the

reported sliding studies varied from 0.2 to 0.6, based on the

experimental and material parameters, while low COF was

largely attributed to the formation of hydrated silica at the

sliding interface [6–8]. Results from the present study indicate

that the frictional behavior of the SiC ceramics was mostly

independent of additive composition or content, while COF

largely decreased with increase in load.
Typical surface profiles of the wear scar acquired in the

transverse direction of sliding are shown in Fig. 5. The average

width of the wear scar varied between 190 and 1200 mm, and

the maximum depth up to which the material can be removed

varied between 0.3 and �14 mm. The scar width as well as

maximum depth increased with increase in load for all the

specimens. SCSc3 specimen showed distinctly less damage

than other specimens after sliding at 6 or 13 N load. Fig. 6

shows wear rate of the investigated SiC ceramics at different

loads. The wear rate increased from 10�6 to 10�5 mm3/N�m
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with increase in load. SCSc3 showed less wear than SCY3 at a

given load. With increase in additive content, SCSc10 showed

high wear. The commonly reported wear rates for the LPS-SiC

ceramics with varying experimental or environmental condi-

tions lie in the range of 10�7 to 10�5 mm3/N�m [8,11].

The influence of additive composition on the worn surface

morphology of the investigated SiC ceramics is shown in

Figs. 7–9. At low load of 1 N, worn surfaces of all specimens

showed surface grooving and microfracture (Fig. 7). The

compaction of debris was also observed on the worn surface of

SCSc3 (Fig. 7b). The worn surface of the counterbody ball

shows surface polishing (Fig. 7d). At increased load of 6 N, the
Fig. 7. Worn surface morphology of SiC ceramics after sliding at 1 N load: (a) SCY3

1 N load is shown in (d).
worn surfaces of the specimens were mostly covered by the

debris layers. Fig. 8a shows thick tribolayer containing several

cracks as well as intragranular fracture of the sub-surface of

SCY3. However, the tribolayer formed on SCSc3 at 6 N load

(Fig. 8b) appears rather smooth and ductile with less cracking,

indicating its superior load bearing capacity. On the other hand,

cracking of the tribolayer is observed for SCSc10. Such a

difference in the characteristics of tribolayer is essentially

related to the response of the base material, as the latter affects

the stress state of the material under sliding conditions. The

worn surfaces in Fig. 9 show the inability of the tribolayer to

bear the high load of 13 N during sliding. While, tribolayer is

still present on the worn surface of SCSc3, the presence of thin

layer or its removal can be noted on SCY3 or SCSc10. The

observed changes in the severity of damage are consistent with

the wear measurements. The wear rate was increased with load,

and less for the SCSc3 specimen (Fig. 6).

The worn surfaces of the counterbody ball when slid against

the SiC disks at 6 and 13 N loads are shown in Fig. 10. Insets in

Fig. 10a–c illustrate small wear scar diameters for the ball worn

at 6 N load against SCSc3 (585 mm) when compared against

SCY3 (645 mm) or SCSc10 (670 mm). Further, the worn

surfaces show tribolayer fragments at the edges and surface

polishing at the centre after sliding at 6 N load. The worn

surface of SCSc3 contained thin layer at the centre as well, and

the SCSc10 showed number of debris and abraded grooves.

Considering the dominant tribolayer formation on the worn

disk surfaces (Fig. 8), it can be understood that the sliding

occurred between the worn ball surface and the tribolayer on

the disk surfaces. Thus, friction between tribolayer and the

worn ball surface was less at 6 N load when compared to the
, (b) SCSc3, and (c) SCSc10. Worn surface of ball after sliding against SCY3 at



Fig. 8. Worn surface morphology of SiC ceramics after sliding at 6 N load: (a) SCY3, (b) SCSc3, and (c) SCSc10. Arrows indicate the needle-like debris particles.
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friction between the worn surfaces of ball and disk at 1 N load

(Fig. 4b). The tribolayer fragments observed at the edge of the

ball surfaces suggests transfer of tribolayer from the disk

surface. However, the worn surface of the balls slid against

13 N load is found to be covered mostly by the thick tribolayer

(Fig. 10d). It is probable that such a thick tribolayer is either

formed on the ball surface due to the compaction of the debris
Fig. 9. Worn surface morphology of SiC ceramics after sliding at 13 N load: (a) SCY
or transferred from the disk surface under high loading (13 N)

conditions. This basically implies that the sliding occurred

between the tribolayers at the contact. Since, the friction

between the tribolayers was obviously less than the friction

between the tribolayer and the worn ball surface (as observed at

6 N), lower COF values were obtained for the specimens slid at

13 N (Fig. 4b). Cylindrical debris of length and diameter
3, (b) SCSc3, and (c) SCSc10. Arrow indicates the needle-like debris particles.



Fig. 10. Worn surface of balls after sliding against SiC ceramics: (a) SCY3 at 6 N, (b) SCSc3 at 6 N, (c) SCSc10 at 6 N, and (d) SCSc3 at 13 N load. Arrows indicate

the needle-like debris particles.
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ranging from submicrons to microns are often observed on the

worn surfaces of balls and disks (indicated with arrows in

Figs. 8–10). It is widely reported that at moderate and high

humid environments, SiC ceramics are accompanied by the

humidity-driven tribo-reactions to form a soft layer of

hydroxilated silicon oxide [7,8,11,38]. The debris generated

from the tribochemical layers tend to roll during sliding and

achieve needle-like shapes [39–41]. As the present study was

also conducted in laboratory air with a relative humidity of

50 � 10%, it is probable that the tribochemical reactions

occurred at 6 and 13 N loads generate needle-like wear debris

that could roll during sliding and contribute to the reduction in

friction.

The evolution of material removal mechanisms of the

investigated SiC ceramics can be discussed in terms of the

effect of applied load. During unlubricated sliding wear of SiC,
two processes, mechanical fracture and tribochemical reactions

are believed to occur simultaneously and compete with each

other [6,8,12]. At low loads, the wear of ceramics initially

occurs via microfracture followed by fatigue during sliding

[5,12,38]. SEM observation of the worn surfaces at 1 N load in

the present study also indicates microfracture and surface

grooving (Fig. 7). The fatigue plays an important role during

sliding such that the crack propagation velocity is zero up to a

threshold stress and increases rapidly with increasing stress

[38]. Accordingly, the sliding distance up to which micro-

fracture dominates the wear process decreases, and the fatigue-

induced wear increases with increase in load, generating large

amounts of debris at the interface [38]. The large amount of

debris in the laboratory humid conditions favors the formation

of tribochemical layer at the interface (Figs. 8 and 9). The

stability of the tribochemical layer is significant as material
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damage occurs by the delamination and spalling of tribolayer

[11]. With further increase in load to 13 N, the increased

fracture of the tribolayer caused high material loss (Fig. 6).

The influence of sintering additives can be regarded as not

only as the densification aids but also primary elements for the

tailoring of properties, since properties are influenced by the

microstructure and the chemistry of grain boundary phase in

the resulting ceramics [36]. The variation of composition of

the small amount of sintering additives in the present study

resulted in a variation in microstructural characteristics,

which in turn influenced the wear behavior of the SiC

ceramics. The microstructure of fine equi-axed and large

platelet grains in SCSc3 resulted in better wear resistance.

Further, the grain boundary phase is important in the sense

that degradation reactions initiated at these points. It is

possible that microcracks easily nucleate and propagate under

the applied contact stress along weak amorphous grain

boundaries, resulting in high material removal [42]. Accord-

ingly, high wear was observed for SCY3 consisting of

amorphous grain boundary phase when compared against

SCSc3 consisting of clean grain boundaries. This effect was

dominant in intermediate or high loading conditions, while

wear occurred via surface grooving or sub-grain size failure

(microfracture) under low load of 1 N where the grain

boundary effect was minimal. Furthermore, the stability of the

tribolayer at the interface often depends on the stress state of

the material. The formation of secondary phases (such as Y–

Si–O–C shown in Fig. 2a) during liquid phase sintering causes

residual stresses upon cooling due to thermal expansion

mismatch with SiC grains. The residual stresses induce cracks

and contribute to the material loss of the ceramics during

sliding [16]. The results from the present study suggest that

high residual stresses might have generated for the SiC

ceramics sintered with AlN–Y2O3 additives when compared

against ceramics sintered with AlN–Sc2O3 additives. Large

amount of additives favor the formation of large volume

fractions of junction phases during sintering that enhances the

residual stresses at the grain interface. This can attribute to the

observed high wear for the SCSc10.

The mechanical properties of the ceramics, particularly

hardness and fracture toughness influence the wear behavior.

Results from the present study also indicate that the wear of SiC

ceramics sintered with the small amount of sintering additives

depend on hardness and fracture toughness. Based on the small

difference in hardness between the disk surface and counter-

body ball surface, the material damage during initial stages of

sliding is minimal in case of SCSc3. Also, the propagation of

stress-induced cracking during sliding can be effectively

minimized for the SCSc3 containing high fracture toughness.

On the other hand, SCY3 or SCSc10 specimens consisting of

low hardness and fracture toughness contributed to their high

wear (Fig. 3).

4. Conclusions

SiC ceramics with small amount (3 wt%) of AlN–Sc2O3 and

AlN–Y2O3 additives were fabricated, and the influence of
additive composition on the unlubricated sliding wear behavior

was studied. The following are major conclusions:

(a) Small amount (3 wt%) of AlN–Sc2O3 or AlN–Y2O3

systems was sufficient to produce highly densified

(>98%) SiC ceramics.

(b) SiC ceramics prepared with 3 wt% AlN–Y2O3 additives

consisted of mostly large equi-axed grains with amorphous

grain boundary phase of �1.2 nm thickness, while SiC

ceramics sintered with 3 wt% AlN–Sc2O3 additives showed

duplex microstructure of elongated and fine equi-axed

grains with clean grain boundary phase.

(c) The influence of additive composition on dry sliding

friction behavior of SiC ceramics was minimal. The steady

state COF decreased from 0.56 to 0.22 with increase in load

from 1 to 13 N.

(d) Wear rate increased from 10�6 to 10�5 mm3/N�m with

load, and depended on the sintering additive composition.

SiC ceramics sintered with 3 wt% AlN–Sc2O3 additives

exhibited low wear at a given load.

(e) Surface grooving and microcracking occurred at low load

(1 N), while tribochemical wear was dominant at 6 and

13 N loads for all the ceramics.
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