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Ceramics have high hardness, corrosion resistance, and abrasion resistance, but are easily fractured by micro crack. Many
studies on self-healing have been conducted to eliminate the risk of micro crack on the surface. SiO2 is self-healing material,
in which Si and O2 are combined. TiO2-added Si3N4/SiC composites were sintered. The SiO2 colloid was coated on the
surface, and heat treated. The bending strength and abrasion characteristics were evaluated. The specimen with SiO2

colloid coating had higher strength than that of the uncoated specimen, and the strength of TiO2-added specimen also
increased. The friction coefficient and wear loss of SiO2 colloid coated specimens were smaller than those of the uncoated
specimens. The friction coefficient and wear loss of TiO2-added specimens were smaller than those without additives. The
friction coefficient and wear loss decreased with increasing bending strength. Friction coefficient and wear loss according
to the heat treatment temperature showed the reverse tendency to the bending strength. Therefore, TiO2-added ceramic will
ensure economic efficiency.
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Introduction

In industry, reducing the emissions of harmful

materials is one of the important technologies. Wear

occurs where high-temperature and high-speed rotation

occurs, such as in automobiles and power plants.

Ceramics applied in such a place show excellent wear

resistance, and can improve mechanical efficiency.

Silicon nitride, a structural ceramic with excellent

mechanical properties, is an excellent candidate as a

friction material. Silicon nitride is widely used for

bearing balls, steam nozzles, electric glow plugs, and

other friction components in chemical and mechanical

engineering systems [1-3]. In particular, the wear

behavior of Si3N4 is attracting great interest in the

application of bearing components in the mechanical

industry. These components are generally used for

various conditions, and are subject to friction and wear

in various contact rolling or sliding modes [4, 5]. It is

very important to understand the friction and wear

mechanisms of Si3N4 materials in these different

environments.

In general, ceramics are materials with very low

fracture toughness, compared to metal materials. Since

ceramic is easily fractured by micro crack, there is a

limit to the application of the structural material. In

order to overcome this problem, crack healing of

ceramics has been studied. Ando et al. clarified that the

chemical composition of crack healing ability was SiO2

[6], and studied the strength of crack-healed Si3N4 [7]

and Si3N4/SiC composites [8, 9] at 1,000 oC. The crack-

healed material showed similar strength to the as-

received material, and the fracture appeared outside of

the crack-healed part. Takahashi et al. [10] studied the

healing behavior of crack-healed Si3N4/SiC composites

at 1,200 oC under the stress of oxygen partial pressure.

They were able to heal cracks under stress of low

oxygen pressure, extend the lifetime, and increase the

reliability. They also investigated the contact strength

improvement of Si3N4/SiC composites by combination

of shot peening and crack healing [11]. Kim et al. [12]

confirmed that coating of Si3N4 with the crack healing

substance, SiO2 colloid, increased the strength. Nam et

al. [13-15] also clarified that the addition and coating

of SiO2 colloids contributed to increased crack healing

and strength, and that the addition of TiO2 influenced

strength improvement [16]. Meanwhile, research on the

wear of ceramics is also being conducted. Gok et al.

[17] investigated the effect of abrasive grain size on the

abrasive wear behavior of coated surfaces with various

types of ceramic. Hawk et al. [18] studied the friction

and wear behavior of Si3N4 added with MoSi2. Wada et

al. [19] studied the wear behavior of Si3N4 by water jet,

and showed similar tendency to that of sand erosion.

Nam [20] evaluated the wear behavior of Si3N4 added

with SiO2 colloid. As mentioned above, it became

known that the SiO2 healed cracks in the ceramics, and
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increased the strength. The wear behavior of Si3N4 with

SiO2 addition was also studied. However, the strength

and abrasion behavior by coating of SiO2 colloid need

to be clarified.

SiO2 healed the cracks of the ceramic and increased

its strength. TiO2 additive also has increased strength. It

is necessary to evaluate the effect of SiO2 colloid and

TiO2 addition on the strength and wear of ceramics. In

this study, TiO2-added Si3N4/SiC composites were

sintered, and evaluated for bending strength and wear

characteristics according to the TiO2 addition and

coating of SiO2, which is known to be a crack-healing

material. The wear coefficient and wear loss were

reduced by the lubrication of SiO2 colloid coated on

the surface.

Materials and Experiment Methods

The Si3N4 powder used in this study had an average

particle size of 0.2 µm. The volume ratio of α- Si3N4

was more than 95%, and the remains consisted of β-

Si3N4. The size of the SiC powder was 0.27 μm. The

TiO2 powder was a commercial anatase type. Y2O3

of 33 nm was used as the sintering aid. SiO2 colloid

was coated on the surface to investigate the wear

characteristics. Table 1 shows the compositions of

each specimen.

The powder was mixed for 24 h by adding Si3N4

balls and alcohol. The mixed powder was dried in a

vacuum furnace until the solvent evaporated, and then

powder was used for sintering. Sintering was performed

at 2,123 K for 1 h under 35 MPa of N2 gas atmosphere.

The sintered material was cut to 3 mm × 4 mm × 10

mm, and then mirror polished. A crack of about 100

mm length was made in the polished specimen by

Vickers indentation. The crack specimen was coated

with SiO2 colloid on the surface, and heat-treated in the

atmosphere at (500-1,300) oC for 1 h. The specimens

were coated (1 and 3) times to evaluate the wear

characteristics according to the number of coatings of

the SiO2 colloid, and heat-treated at 1,000 oC for 1 h

[15]. Five pieces of wear specimens were used in each

condition. Fig. 1 shows a flow chart of the sintering

and specimen preparation. The counterpart of the

Si3N4/SiC specimen is QT vacuum heat-treated SKD11

having a diameter of 35 mm and a thickness of 7 mm.

The test conditions were as follows: (1) the rotation

speed of the ring which has a dimension of 35 mm was

50 rpm; (2) the load was 9.8 N; (3) the total wear

distance was 500 m; and (4) the tests were performed

at room temperature in a dried condition. To obtain

high reliability, 55,000 data that were obtained at 10

data per second were used. After the wear test, the

worn surface was characterized using a scanning

electron microscope (SEM, VEGAII XMU, Tescan,

Czech) coupled with an energy dispersive spectroscopy

detector (EDX, INCA, Germany).

Results and Discussion

Bending strength 
Fig. 2 shows the relationship between the heat treat-

ment temperature and the bending strength according

to the additive TiO2 and the coating substance SiO2. In

the figure, the square (□) indicates Si3N4/SiC coated

with SiO2 colloid (SSs), while circle (○) indicates

Si3N4/SiC-TiO2 coated with SiO2 colloid (SSTs). The

average of bending strength of the as-received specimen

(SS and SST) without SiO2 colloid coating was (550

and 595) MPa, respectively. The bending strength of

SST with additive TiO2 was about 8% higher than that

of SS without additive TiO2. SST showed an increased

sintering property, and is believed to have improved

strength. On the other hand, SiO2 colloid coated crack

specimens showed a difference in strength, depending

on the heat treatment temperature. SSs and SSTs

specimens showed higher strength than SS and SST

specimens at above (900 and 700) oC, respectively.

This is because the crack was completely healed by the

SiO2 coating. The optimum heat treatment conditions

Fig. 1. Flow chart of sintering.

Table 1. Batch compositions.

Si3N4

(wt.%)
SiC

(wt.%)
Y2O3

(phr)
TiO2

(phr)
SiO2 colloid

coating

SS

80 20 5.0

0.0 -

SSs 0.0 O

SST 3.0 -

SSTs 3.0 O
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for the SSs and SSTs specimens were 1,000 oC, and the

strength of both specimens were decreased at 1,300 oC.

This is because the healed cracks turned into notches

when the temperature increased [21]. At an optimum

temperature of 1,000 oC, the bending strength of SSTs

specimens was increased by about 37%, compared to

that of SST specimens. SSs specimens showed about

27% higher bending strength than the SS specimens. In

addition, the bending strength of SSTs specimens with

additive TiO2 was increased by about 16% more than

that of the SSs specimens. This is because TiO2 addition

increased the sintering force, and micro surface cracks

were completely healed by the coating of SiO2 colloid.

Wear characteristics of crack-healed specimens
Fig. 3 shows the relationship between bending strength

and friction coefficient. The dotted circles in the figure

represent the friction coefficients of the as-received SS

and SST specimens. The square (□) and circle (○)

indicate SiO2 colloid coated SSs specimens and SSTs

specimens, respectively. In this figure, the friction

coefficient is inversely related to the bending strength.

That is, the friction coefficient decreases as the bending

strength increases. Also, the coefficients of friction of

SSTs specimens are smaller than those of SSs specimens.

The friction coefficients of the as-received SS specimens

agree well with those of the SSs specimens, but those

of the as-received SST specimens are slightly larger

than those of the SSTs specimens. However, the

friction coefficients become small as the bending

strength increases.

Fig. 4 shows the relationship between bending

strength and wear loss. The dotted circles in the figure

represent the wear loss of as-received SS and SST

specimens. The square (□) and circle (○) indicate the

SiO2 colloid coated SSs specimen and SSTs specimen,

respectively. In this figure, wear loss is inversely

related to the bending strength. That is, wear loss

decreases as bending strength increases. Also, the wear

loss of the SSTs specimen is smaller than that of the

SSs specimen. The wear loss of the as-received specimens

is consistent with the temperature dependence of the

SSs and SSTs specimens, respectively. The wear loss

decreases as the bending strength increases. The wear

losses of the SSTs and SSs specimen are greater than

the difference between the friction coefficients.

Fig. 5 shows the relationship between the heat treatment

Fig. 2. Heat treatment temperature dependence of the bending
strength in accordance with SiO2 colloid coating.

Fig. 3. Relationship between bending strength and friction
coefficient.

Fig. 4. Relationship between bending strength and wear loss

Fig. 5. Relationship between friction coefficient and heat
treatment temperature
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temperature and friction coefficient. The dotted circles

in the figure represent the friction coefficients of the

as-received SS and SST specimens. The square (□) and

circle (○) indicate the SiO2 colloid coated SSs specimen

and SSTs specimen, respectively. The friction coefficients

of the as-received SS and SST specimens are slightly

larger than that of the lowest temperature of the heat-

treated specimen. The friction coefficient of the heat-

treated specimen showed similar tendency to the bending

strength. That is, as the heat treatment temperature

increases, the bending strength increases, and then

decreases. However, the friction coefficient decreased

and then increased. In other words, it showed the

reverse tendency to the bending strength.

Fig. 6 shows the relationship between heat treatment

temperature and wear loss. The dotted circles in the

figure represent the wear loss of the as-received SS and

SST specimens. The square (□) and circle (○) indicate

the SiO2 colloid coated SSs specimen and SSTs

specimen, respectively. The wear loss of the as-received

specimens is almost the same as that of the lowest

temperature of the heat-treated specimen, respectively.

The wear loss of the heat-treated specimens was inverse

to the bending strength. That is, with increasing heat

treatment temperature, wear loss decreased, and then

increased. 

Fig. 7 shows the relationship between the wear loss

and friction coefficient. The dotted circles in the figure

represent as-received SS and SST specimens. The square

(□) and circle (○) indicate the SiO2 colloid coated SSs

specimen and SSTs specimen, respectively. The wear

loss and friction coefficient are proportional to each

other. The wear loss of the as-received SS specimen is

on the same line as that of the SSs specimen, but the

as-received SST specimen does not show linear relation-

ship with the SSTs specimen. Although the friction

coefficient of SST specimen is large, the wear loss is

small. Overall, the wear loss is shown to be inversely

related to the bending strength.

Tables 2 and 3 show the average of the friction

coefficient, wear loss, and standard deviation (Std) of

the SSs specimen and SSTs specimen in different heat

treatment temperature.

Fig. 8 shows the coefficient of friction depending on

the number of coatings. In the figure, HT means heat

treatment. Heat treated (HT) as-received specimens

have smaller friction coefficients than the as-received

specimens in both SS and SST specimens. This is

because the micro cracks are healed by heat treatment,

and the strength is increased. The HT 1-time colloid

coating specimen has a smaller friction coefficient than

the as-received HT specimen. The HT 3-times colloid

coating specimen showed the smallest friction coefficient.

This was cured by repetition of the heat treatment after

coating, and it is believed that SiO2 that formed on the

surface provided lubrication. The coefficient of friction

is smaller for SSTs specimens with TiO2. This is in

Fig. 7. Relationship between wear loss and friction coefficient.

Fig. 6. Relationship between wear loss and heat treatment
temperature.

Table 2. Friction coefficient and wear loss of the SSs specimen
in different heat treatment temperature.

Specimens
Friction coefficient

Average Std.
Wear loss

Average Std.

As-received SS 0.6382 0.0711 0.0289 0.0091

800 oC 0.6213 0.0591 0.0274 0.0099

900 oC 0.6041 0.1541 0.0262 0.0016

1,000 oC 0.5835 0.1002 0.0238 0.0041

1,300 oC 0.5864 0.0472 0.0249 0.0045

Table 3. Friction coefficient and wear loss of the SSTs specimen
in different heat treatment temperature.

Specimens
Friction coefficient

Average Std.
Wear loss

Average Std.

As-received SST 0.6638 0.1397 0.0212 0.0092

500 oC 0.6184 0.0319 0.0227 0.0053

600 oC 0.6075 0.1212 0.0238 0.0045

700 oC 0.5752 0.1086 0.0204 0.0028

800 oC 0.5562 0.1381 0.0191 0.0047

900 oC 0.5530 0.1333 0.0176 0.0017

1,000 oC 0.5203 0.1960 0.0145 0.0014

1,300 oC 0.5474 0.0361 0.0175 0.0020
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good agreement with the high tensile strength. 

Fig. 9 shows the wear loss according to the number

of coatings. Wear loss also showed the same tendency

as the friction coefficient. In other words, the friction

coefficient is in the order: as-received specimen > HT

as-received specimen > HT 1-time colloid coating

specimen > HT 3-times colloid coating specimen. The

wear loss of the SSTs specimens was about 34%

smaller than that of the SSs specimens. The difference

of wear loss between the two specimens was greater

than the difference of the friction coefficient. This is a

good match with the high tensile strength of the SSTs

specimens with TiO2. 

Fig. 10 shows the relationship between the friction

coefficient and wear loss. The friction coefficient and

wear loss are proportional to each other. The wear loss

and friction coefficients of both the SSs and SSTs

specimens were smaller than those of the SS and SST

specimens. This is determined to be an effect of the

healing substance SiO2 formed in the surface by heat

processing. The friction coefficient and wear loss

decreased with the number of coatings. This was because

SiO2 acted as a healing substance, and extra SiO2 acted

as a lubricating substance.

Tables 4 and 5 show the average of friction coefficient,

wear loss, and standard deviation (Std) of the SSs and

SSTs specimens, according to the number of coatings.

Fig. 11 shows the representative optical micrographs

obtained from the SSs specimen after the wear test. In

the figure, the wear part is observed as a scratched or a

striped shape, regardless of the heat treatment tempera-

ture. This is the behavior of abrasive wear. Abrasive

wear is responsible for 50% of the loss caused by wear.

This is the main mechanism in the deformation by

micro shear. The specimens showed slightly different

surface color, according to the heat treatment tempera-

ture. This indicates the degree of oxidized surface,

according to the heat treatment temperature. The black

area is also determined to be affected by the heat

treatment.

Fig. 12 shows the line profile for the surface of an as-

received specimen. Figs. 12(a) and (b) show the SS

specimen and SST specimen, respectively. These

specimens are not coated with SiO2 colloid. In Figs. 12

(a) and (b), a large amount of Si and a small amount of

Fig. 9. Wear loss according to the number of coatings.

Fig. 8. Friction coefficient according to the number of coatings.
Fig. 10. Relationship between wear loss and friction coefficient.

Table 4. Friction coefficient and wear loss of the SSs specimen
according to the number of coatings.

Specimens
Friction coefficient

Average Std.
Wear loss

Average Std.

As-received SS 0.6382 0.0711 0.0289 0.0091

HT as-received SS 0.6247 0.0269 0.0334 0.0110

HT 1-time colloid coating 0.5835 0.1002 0.0238 0.0041

HT 3-times colloid coating 0.5152 0.0685 0.0162 0.0087

Table 5. Friction coefficient and wear loss of the SSTs specimen
according to the number of coatings.

Specimens
Friction coefficient

Average Std.
Wear loss

Average Std.

As-received SST 0.6638 0.1397 0.0212 0.0092

HT as-received SST 0.5594 0.0534 0.0150 0.0023

HT 1-time colloid coating 0.5203 0.1960 0.0145 0.0014

HT 3-times colloid coating 0.4070 0.0308 0.0059 0.0062
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N and C were detected, and a little O was detected, due

to the sintering effect. In addition, Y of the sintering

additive Y2O3 was detected. On the other hand, Ti was

detected in the TiO2-added SSTs specimen.

Fig. 13 shows the line profile on the surface for an

as-received specimen of heat treatment temperature

1,000 oC. Figs. 13 (a) and (b) show the SSs specimen

and SSTs specimen, respectively. Fig. 12 is similar to

that described in Fig. 11, in that in (a) and (b), Si was

the most, a small amount of N and C was detected, and

some O was detected by the effect of heat treatment. In

addition, Y of a sintering additive Y2O3 was detected.

(c) shows the 3-times colloid coated SSs specimen with

heat-treatment at 1,000 oC. These elements were also

detected in the SS specimens. The line profile could

not specify the amount of each element depending on

the number of coatings.

Conclusions

This study added TiO2, and evaluated the bending

strength and wear characteristics of Si3N4/SiC composites

coated with healing substance SiO2. The results

obtained are as follow:

SiO2 colloid coated specimen had higher strength

than the uncoated specimen, and the strength of specimen

added with TiO2 also increased. This is because TiO2

increased the sintering force, and the coating of SiO2

colloid completely healed the surface micro cracks.

The friction coefficient and wear loss of SiO2 colloid

coated specimens were smaller than those of the

uncoated specimens. The friction coefficient and wear

loss of TiO2-added specimens were smaller than those

without additives. The friction coefficient and wear

loss decreased with increasing bending strength, and

Fig. 11. Wear surfaces according to heat treatment temperature of SSs specimens with colloid coating. (a) As-received SS, (b) 800 oC, (c)
900 oC, (d) 1,000 oC, (e) 1,300 oC.

Fig. 12. Line profile for as-received specimens. (a) SS specimen, (b) SST specimen.
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were proportional between the two. Friction coefficient

and wear loss according to the heat treatment tempera-

ture showed the reverse tendency to the bending strength.

The friction coefficient and wear loss of heat-treated

specimen at 1,000 oC were smaller than those of the

non-heat treated specimen, and those of the SiO2 colloid

3-times coated specimen were smaller than those of the

1-time coated specimen. The extra SiO2, which acted

as a healing substance, also acted as a lubrication

material.

The wear surface showed the behavior of abrasive

wear, regardless of the material and heat treatment

temperature. Each component was detected in the line

profile of the specimen surface, but the amount of each

element could not be specified.

It was found that additive TiO2 and SiO2 to Si3N4/

SiC composites showed the highest bending strength as

well as the lowest friction coefficient and wear loss

compared with the other specimens. With heat treat-

ment at 1,000 oC, the friction coefficient and the wear

loss can be further decreased. Taking the experimental

result into consideration, the processes and materials

for ceramic production requires more that may incur

increase in the production cost. However, when it comes

for commercial use, it is argued that it can improve the

mechanical efficiency due to the high wear resistance

Fig. 13. Line profile for SiO2 colloid coated specimens with heat treatment at 1,000 oC. (a) SSs specimen, (b) SSTs specimen, (c) SSs
specimen with 3-times coating.
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and low friction. This may increase a chance to prevent

machinery operation from failure, and to save the costs

for replacement and maintenance. Therefore, TiO2-

added ceramics will ensure economic efficiency.
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