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Silicon carbide (SiC) ceramics have been studied with

particular interest for engineering applications that require

high wear resistance [1–4]. The high hardness of SiC

ceramics is accompanied by wear, erosion, and mechanical

fatigue resistance. Considerable resistance in corrosive

environments such as plasma-enhanced environments is

required for hard SiC ceramics in the semiconductor

industry. In these materials, mechanical contact is one of

the important considerations in the lifetimes of components

[5, 6]. The surfaces of the material can be subjected to

contact loads ranging, from single to multiple concentrated

loads. Thus, reduced sensitivity against the damages—

‘‘flaw tolerance’’ or ‘‘damage tolerance’’—is required to

prolong the lifetimes of the components in service [7–10].

While SiC ceramics exhibit excellent wear resistance,

the critical drawback is low reliability due to the inferior

fracture toughness. Therefore, over several decades, studies

have demonstrated that the toughness properties of SiC can

be improved by a heterogeneous microstructure with weak

grain boundary phases [3, 11–13]. Those microstructures

can be obtained via liquid phase sintering that uses metal

oxides, Al–B–C, Y2O3–Al2O3 [14, 15], or AlN–metal

oxide as the sintering additives. These additives form a

melt at relatively low temperature and remain at the grain

boundaries in the form of an amorphous intergranular film

and/or at the ternary junctions after sintering. On the other

hand, some compositions such as AlN–Sc2O3 and AlN–

Lu2O3, resulted in amorphous-free SiC ceramics [16]. They

exhibit almost clean boundaries without amorphous grain

phases as well as crystallized boundaries [17].

The purpose of this study is to investigate the effect of

grain boundary compositions on the indentation properties

of advanced SiC material that have high hardness. We used

Hertzian and Vickers indentation that are simple tech-

niques for inducing contact damage on the flat surface. A

hard indenter is pressed on the surface of the specimen, and

the damage patterns are examined [11]. In particular, in the

present study, we investigate the effect of the grain

boundary on the contact resistance of SiC ceramics.

In this work, different sintering additives were used

during sintering; 1.8 wt% AlN and 9.6 wt% Sc2O3,

2.7%wt% AlN and 17.9 wt% Lu2O3, or 2.9 wt% AlN and

10.6 wt% Y2O3. All compositions have 10 vol.% of sin-

tering additives. Mechanical properties such as hardness

and fracture toughness are investigated by Vickers inden-

tation. The contact damages and radial cracks are observed.

We also characterize the damage by Hertzian indentation

with spherical indenters. The characterizations are con-

ducted on three SiC ceramics with similar microstructures

(typical elongated microstructures).

The starting powders for grain boundary controlled SiC

ceramics for characterizing mechanical properties and

contact damages were a-SiC (A-1 grade, Showa Denko,

Tokyo, Japan), b-SiC (Ultrafine grade, Betarundum, Ibiden

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

Co, Tokyo, Japan), Sc2O3, Lu2O3, and Y2O3 (99.9% of

purity, Shin-Etsu Chemical Co., Tokyo, Japan). 1 vol.% of

a-SiC is added to 99 vol.% b-SiC to develop a self-rein-

forced coarse and elongated microstructure. The detailed

starting compositions of SiC ? AlN ? Sc2O3, SiC ?

AlN ? Lu2O3, and SiC ? AlN ? Y2O3 are described in

Table 1. Throughout the paper, SiC sintered with AlN and
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Sc2O3, SiC sintered with AlN and Lu2O3 and SiC sintered

with AlN and Y2O3 are designated by SC1, SC2, and SC3,

respectively. Each batch of powder shown in Table 1 was

mixed as slurry in ethanol for 24 h in a planetary ball mill,

using SiC grinding balls. The milled powder was dried and

sieved. Then each composition of powder was hot-pressed

at 1,900 �C for 1 h under a uniaxial pressure of 25 MPa in

N2 atmosphere. The hot-pressed specimens were further

annealed at 2,000 �C for 6 h with an applied pressure of

25 MPa.

The sintered densities were measured through the

Archimedes method. The phase of sintered products was

qualitatively analyzed through an X-ray diffractometer

after the ground powders were prepared for the annealed

specimens. The hot-pressed and annealed specimens were

cut and polished, and then etched by a plasma of CF4 that

contained 10% O2. The microstructure and the morphology

of the fractured section were examined by scanning elec-

tron microscopy (SEM, JEOL, JSM-6700F, Japan).

The surface of each specimen was ground, cut into

3 mm 9 4 mm 9 5 mm bars, and polished to 1 lm finish

to enable characterization and indentation testing. Hertzian

indentations [18–23] were made using tungsten carbide

spheres of radius r = 1.98 mm, over a load range P = 0–

1,000 N using a universal testing machine (Model 5567,

Instron, USA). Vickers indentation tests were performed by

using a microhardness tester. A conventional Vickers

indentation was performed to measure the hardness and

toughness, at loads of P = 20–100 N, on the polished sur-

faces. Ten indents were performed under the same loading

condition. After indentation, FE-SEM was used to examine

the surface deformation and damages, from a surface view

and crack propagations around the indentation sites.

X-ray diffraction analysis revealed that all the SiC

ceramics, SC1, SC2, and SC3, consist of major peaks of

a-SiC and minor peaks of b-SiC. Crystalline phases of

Sc2Si2O7, Sc2SiO5, Lu2Si2O7, and Y2Si2O7 are found

depending upon the sintering additives, respectively. The

results are summarized in Table 1. The relative densities of

SC1, SC2, and SC3 that are sintered at 1,900�C for 1 h and

annealed at 2,000 �C for 6 h are shown in Table 1. The

sintered densities of bulk material were measured, and the

calculated relative densities are summarized in the table.

The result indicates that relative densities of C98% were

achieved for all the compositions by hot-pressing and sub-

sequently annealing the specimens. The AlN–Sc2O3, AlN–

Lu2O3, or AlN–Y2O3 additives react with the SiO2 that is on

the surface of SiC, and form an oxycarbonitride melt

through the dissolution of SiC with increasing temperature.

Microstructures of polished and etched surfaces of SC1,

SC2, and SC3 are shown in Fig. 1. The microstructure was

observed by scanning electron microscopy (SEM). All

specimens contain the same total amount of additives

(10 vol.%), but have different compositions. All the spec-

imens show similar microstructures, which consist mainly

of elongated a phases and minor b phases. The develop-

ment of elongated grains in the specimens results from b to

a phase transformation during sintering and annealing.

Previous studies [16] on the high resolution TEM images

of SC1, SC2, and SC3 along the SiC–SiC grain boundaries

indicate that almost clean grain boundaries without any

amorphous grain boundary films were observed in SC1

while crystallized and amorphous boundaries were

observed in SC2 and SC3, respectively. The thicknesses of

the crystallized boundary in SC2 are *1 nm and those of

the amorphous boundary in SC3 are *4.4 nm. The sin-

tering additives of SC3 react with the SiO2 that exist on the

surface of SiC to form an amorphous phase at a relatively

low temperature. This contributes to the liquid phase sin-

tering of SiC ceramics and remains in the form of

intergranular grain boundary film. The refined continuum

model predicts that the incorporation of cations with

smaller size into silica glass leads to almost clean bound-

aries [16, 17]. In the case of SC2, it seems that the

composition of the sintering additives plays a dominant

role in the evolution of crystalline grain boundary struc-

tures during annealing.

Since Hertz first investigated the cone-shaped fractures

that are produced through contact between glass lenses,

indentation mechanics has been used in the analysis and

Table 1 Characteristics of the sintered and annealed SiC specimens

Specimen

designation

Batch composition (wt%) Relative

density (%)

Crystalline phase Interface

phasea
Grain

boundary

thickness (nm)aMajor Minor Trace

SC1 87.7% b-SiC ? 0.9% a-SiC ? 1.8%AlN

? 9.6% Sc2O3

98.1 a-SiC b-SiC Sc2Si2O7

Sc2SiO5

Almost clean phase *0

SC2 78.6% b-SiC ? 0.8% a-SiC ? 2.7% AlN

? 17.9% Lu2O3

98.3 a-SiC b-SiC Lu2Si2O7 Crystalline phase *1

SC3 85.6% b-SiC ? 0.9% a-SiC ? 2.9% AlN

?10.6% Y2O3

98.3 a-SiC b-SiC Y2Si2O7 Amorphous phase *4.5

a The results of characteristics are from reference [16]
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mechanical characterization of ceramics [5, 24, 25]. Contact

damage by Hertzian indentation is recognized as a key

limiting factor in the lifetime of ceramics in many engi-

neering applications [5, 24–26]. The surface views of the

contact damage by spherical indentation in the grain

boundary controlled SC1, SC2, and SC3 ceramics under the

contact load at P = 1,000 N using WC sphere r = 1.98 mm

are shown in Fig. 2. Full ring cracks are apparent for SC3,

while partial ring cracks are seen in the surface of SC1.

The crack of SC2 has propagated more than that of SC1.

The initiation of ring cracks, Pcone, can be modeled [5, 11],

by the following equation for cone cracking:

Pcone ¼ A r Gc: ð1Þ
In Eq. 1, Gc is the crack resistance, r the radius of

indenter, and A a dimensionless constant. The optical

Fig. 1 Typical microstructures

of SiC ceramics: a SC1, b SC2,

and c SC3

Fig. 2 Hertzian indentation

damage on the surface of a SC1,

b SC2, and c SC 3 at a load of

P = 1,000 N using WC sphere

r = 1.98 mm
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micrographs of the surface as shown in Fig. 2 indicate that

relatively extensive damage including multiple cracks, are

apparent for SC3, while SC1 exhibits lesser contact damage,

indicating a greater resistance of SC1 to cracks, as shown in

Eq. 1. The result in Fig. 2 suggests that contact cracking and

damages through indentation crucially depends upon the

grain boundary composition in SiC ceramics.

Previous research has shown that quasi-plastic damages

are apparent for SiC that is sintered with an Al2O3–Y2O3

additive [21]. The quasi-ductile surface impressions are

usually observed in the liquid phase sintered SiC that

consist of coarse and elongated grains [7]. However, in the

present study, the grain boundary controlled SC1, SC2, and

SC3 ceramics represent brittle ring cracks compared to a

quasi-plastic surface impression. Therefore, it is expected

that the grain boundary controlled SC1, SC2, and SC3

ceramics have greater wear and fatigue resistance due to

the absence of quasi-plastic damage [9, 12, 23, 27].

The graph in Fig. 3 shows the hardness and the tough-

ness of the grain boundary controlled SC1, SC2, and SC3

ceramics. Commensurate with the trend of ring crack

propagation in Fig. 2, the fracture toughness strongly falls

off through the sequence SC1–SC2–SC3. Conversely, the

hardness strongly increases through the sequence SC3–

SC2–SC1. In this study, the SC3 material is the hardest

material, *34 GPa. However, the hardness of SC1 is still

high, *29.5 GPa, relative to that of liquid phase sintered

SiC ceramics that are sintered with an Al2O3–Y2O3 addi-

tive, *25 GPa [9, 12, 27]. The SC1 material is the

toughest material even though it is less hard than SC2 and

SC3. The fracture toughness of SC1 was 4.2 MPa m1/2.

Note that the relative differences in the hardness and

toughness are considerably greater when we consider that

all SiC ceramics show similar microstructures as shown in

Fig. 1, and similar densities and phases, except for the

grain boundary composition, as indicated in Table 1. The

Fig. 3 Hardness and fracture

toughness of SC1, SC2, and

SC3 at a load of P = 20 N.

SEM views of Vickers

indentation damage and cracks

are inserted in the graph
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result means that grain boundary composition is a key

factor that impacts the mechanical properties.

The discrepancies in the hardness can be understood by

examination of the indentation impression damage, the

views of which are inserted in the top three micrographs of

Fig. 3. The micrographs represent top views of the damage

that is formed at an indentation load of P = 20 N on the

SC1, SC2, and SC3 materials using a Vickers microhard-

ness tester. Smaller indentation flaws are observed with

radial cracks for SC3. It is thought that the discrepancy of

the hardness in this study is related to dislocation move-

ment during Vickers indentation. An amorphous grain

boundary phase is accompanied by an increase in hardness,

as the dislocation that is generated by the Vickers indenter

is blocked by the amorphous phase, when compared to the

crystalline or free phases [28]. However, on the whole, the

hardness of the grain boundary controlled SiC ceramics

investigated in this study showed very high values,

C30 GPa. Observations were also made of radial cracks at

Vickers indentations in the FE-SEM to determine the

fracture pattern of the grain boundary controlled SC1, SC2,

and SC3 materials. The SEM views of cracks in the SC1,

SC2, and SC3 materials are inserted in the bottom three

micrographs of Fig. 3. In SC3, the crack is relatively

straight, with no indication of crack resistance. By contrast,

the crack in SC1 follows a deflected path. The propagation

of the crack depends upon the grain boundary that arises

from the addition of sintering additives with different

compositions. It is thought that the discrepancy of the crack

profiles are based on the residual stresses that originate

from the mismatch in thermal expansion between SiC and

grain boundary materials [29, 30].

In this study, 10 vol.% of Sc2O3–AlN, Lu2O3–AlN, or

Y2O3–AlN sintering additives were added to SiC ceramics,

to control the grain boundary, and thus, improve the

mechanical properties and resistance to contact damage.

Mechanical properties such as hardness and fracture

toughness were measured, and Hertzian and Vickers

indentation damage was investigated.

The results indicate that the hardness and toughness

properties are influenced by the grain boundary; lower

hardness and greater toughness for SC1, greater hardness

and lower toughness for SC3, and mid-range values for

SC2. The nature of the contact damage exhibited classical

ring cracks that formed in a region of weak tension outside

the contact, compared to microcracks in the diffuse quasi-

plastic zones, as observed in the same heterogeneous

microstructure of Al2O3–Y2O3 added SiC ceramics [12,

21]. This study suggests the control of the grain boundary

compositions can improve the hardness. The greatest

hardness of 34 GPa was found in SiC that was sintered

with Y2O3–AlN. All the compositions in this study showed

high hardness, C30 GPa.
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