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Abstract Transparent ceramics are used in new technology because of their excellent mechanical properties over glasses.

Transparent ceramics are nowadays widely used in armor, laser windows, and in high temperature applications. Silicon nitride

ceramics have excellent mechanical properties and if transparent silicon nitride is fabricated, it can be widely used. h-BN has

a lubricating property and is ductile. Therefore, adding h-BN to silicon nitride ceramics gives a lubricating property and is also

machinable. Translucent silicon nitride was fabricated by hot-press sintering (HPS) and 57% transmittance was observed in the

near infrared region. A higher wt. % of h-BN in silicon nitride ceramics does not favor transparency. The optical, mechanical,

and tribological properties of BN dispersed polycrystalline Si3N4 ceramics were affected by the density, α:β-phase ratio, and

content of h-BN in sintered ceramics. The hot pressed samples were prepared from the mixture of α-Si3N4, AlN, MgO, and

h-BN at 1850oC. The composite contained from 0.25 to 2 wt. % BN powder with sintering aids (9% AlN + 3% MgO). A

maximum transmittance of 57% was achieved for the 0.25 wt. % BN doped Si3N4 ceramics. Fracture toughness increased and

wear volume and the friction coefficient decreased with an increase in BN content. The properties such as transmittance, density,

hardness, and flexural strength decreased with an increase in content of h-BN in silicon nitride ceramics.
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1. Introduction

Silicon nitride (Si3N4) based ceramics have been inten-

sively studied for more than 40 years due to their potential

application in high-temperature structural components. They

can withstand very harsh environments where metals and

polymers fail. The principal excellent properties of silicon

nitride (Si3N4) based ceramics are: high strength and wear

resistance, low density, high decomposition temperature

and oxidation resistance, low coefficient of friction and

high resistance to chemical corrosion.1)

The initial stage of classic liquid-phase sintering is a

particle rearrangement process. Rearrangement takes place

immediately after the liquid phase forms, accompanied by

rapid partial densification due to the capillary force exerted

by the wetting liquid on the solid particles. The elimi-

nation of porosity takes place as the system minimizes its

surface energy.2,3)

Recently transparent ceramics are used in new technology

because of their best mechanical properties over glasses.4,5)

Translucent polycrystalline silicon nitride was fabricated

with 3 wt.% MgO and 9 wt.% AlN by hot pressed sintering

methods.6) The hot pressing is a process, which sinters the

green article in concern with application of high pressure.

The addition of pressure reduces the sintering time and

temperature, while still obtaining near theoretical density

(TD) and a fine grained microstructure, and optimizing

strength. Hot pressing allows for an overall reduction in

the amount of sintering additives, thus allowing for a more

pure product.7) 

MgO and AlN were selected as sintering additives

although Al2O3 and Y2O3 have less detrimental effect

because MgO and AlN form the MgO-AlN spinel system

which inhibits the β-phase transformation in silicon nitride,

which is the main factor to achieve transparency in silicon

nitride ceramics. The large grains of β-phase silicon nitride

absorb the light and that decreases the transparency in the

material. The nucleation of β-Si3N4 is related with the for-

mation of liquid phase. In fabrication of transparent poly-

crystalline silicon nitride, large grains of silicon nitride

after sintering should be suppressed i.e. β-phase. Usually,

α-Si3N4 dissolved in the liquid phase and then precipitated

as β-phase during cooling step. MgO-AlN spinel supresses
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solution-diffusion-reprecipitation process and α-content is

increased. But the fracture toughness was decreased in

transparent polycrystalline Si3N4 due to the suppression of

phase transformation from α- to β-phase during sintering.7)

h-BN enhanced the fracture toughness in MgAlON that

was mainly attributed to the interwoven microstructure of

h-BN and the microcracks induced by expansion coefficient

mis-match between MgAlON and h-BN.8)

The fracture toughness of the polycrystalline silicon

nitride can be increased with addition of h-BN than that of

without addition. BN was added to the material to improve

its fracture toughness. Fracture toughness was increased

due to increase in elongated large grain size in Si3N4 that

stops the crack propagation in the composite material.9) 

Tribological properties of silicon nitride ceramics depend

upon α:β-phase ratio of silicon nitride. The grain morph-

ology of β-Si3N4 is a main factor, which affects the wear

properties of silicon nitride ceramics. Wear volume de-

creased with decrease in β-phase silicon nitride. The crack

bridging/pullout of elongated β-grains were the dominant

mechanism on the fracture resistance. The reason of decreas-

ing of wear volume is decreasing of pullout of β-phase

silicon nitride and h-BN and α-phase silicon nitride also

work on as lubricant.10)

2. Experimental Procedure

High purity α-SI3N4 powder (SN-E10, UBE Co., Japan)

was used as a starting material. It was mixed with 3 wt.%

MgO (High purity chemicals Co LTD., Japan), 9 wt.%

AlN (Grade F, Tokuyama Co., Japan) and various amount

(0.25-2 wt.%) BN (High purity chemicals Co. Ltd., Japan).

These powders were mixed in polyethylene bottle with

high purity Si3N4 balls in ethanol for 24 hours. The slurry

was dried in a rotary evaporator and then dry-milled with

Si3N4 balls for 12 hours. The flow chart is given in Fig.

1. The mixture of powders was packed into the carbon

mold and sintered in hot press having a graphite-element

furnace (MVHP, Monocerapia Co. Ltd., Korea). Samples

were sintered at 1850oC, 30MPa in nitrogen environment

and shown in Fig. 2. The holding time at 1850oC was 1hr.

The hot pressed samples were grinded with diamond wheel

and cut with diamond blade into different sizes for evalua-

tion of mechanical properties and also for transparency. 

Mechanical properties, transparency, density (Archimedes

immersion method) were evaluated. For the measurement

of hardness and fracture toughness, Vickers hardness and

Indentation method were used respectively. Zwick 3212

hardness tester was used and indentation was performed

for 15 seconds at 98N load. And for the flexural strength

three bending test was used. For the flexural strength

testing machine was used under a cross-head displacement

speed of 0.5 mm/min. For three bending test, the samples

were cut in dimension (4 × 3 × 35)mm3 and polished with

0.5 µm diamond slurry as standard JIS R1601.

For transparency UV/Vis/NIR Jasco 570 spectroscopy

was used, the transmittance was checked within the range

of 500-2500 nm wavelength. For tribological properties

Plint high frequency machine was used and the time was

set for 60 min, load of 10N and frequency 5 Hz.

3. Results and Discussion

Fig. 1 is the XRD patterns which show that h-BN was

in dispersed form and not in liquid phase. The α-Si3N4

powder was sintered and XRD patterns shows β-phase

silicon nitride and this shows the transformation of α to

β-phase. It was well corroborated by the fact that the

relative density of a material decreased with increase in

BN content as shown in Fig. 2. The relative densities for

0.25, 0.5, 1 and 2 wt.% BN in Si3N4 ceramics were 96.7,

93.6, 92.3 and 90.1 respectively. Hardness of the composite

gradually decreased as the content of BN increased as
Fig. 1. XRD pattern of different content of h-BN in sintered silicon

nitride.

Fig. 2. Variation in relative density for different content of BN in

silicon nitride.
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shown by Fig. 3. Increase in α-Si3N4 and AlN content

increase the hardness in polycrystalline Si3N4 but adding of

h-BN decreased the hardness of the material as increase in

the pores because of the heterogeneous distribution of BN

in the composite. h-BN is a sintering inhibitor of Si3N4 and

so the addition of BN increases the porosity. h-BN is a soft

ceramic and therefore, hardness and flexural strength de-

creased on increasing the content of BN in the composite.

Fracture toughness was higher in BN content composite

than that of without BN composite and in the Fig. 4 the

fracture toughness values of the BN added from 0.5 to 2

were almost same. Flexural strength decreased in silicon

nitride ceramics with addition of BN as shown in Figs. 5.

The large grains of BN and β-phase silicon nitride in the

silicon nitride resist the crack propagation and thus in-

creased the fracture toughness of the material. The addition

of BN also increased the ductility in polycrystalline silicon

nitride.

The transparency of the ceramics depends upon the

microstructure of the ceramics and also the density. The

equiaxed grains favors the transparency but β-phase of

silicon nitride has interwoven grains which suppress the

Fig. 3. Variation in Hardness with different content of BN in silicon

nitride.

Fig. 4. Variation in fracture toughness with different wt.% of BN in

silicon nitride.

Fig. 5. Comparison of flexural strength with various content of BN

in silicon nitride.

Fig. 6. Variation in transparency of Si3N4 with different contents of

BN (wt%). 

Fig. 7. Optical image of BN doped polycrystalline Si3N4 with dif-

ferent wt.% BN (0.3mm in thickness); (a) 0.25 wt.% BN, (b) 0.5

wt.% BN, (c) 1 wt.% BN and (d) 2 wt.% BN.
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transparency. Also relative density above 99% is required

to be a transparent material in visible region because

porosity in the material scattered the light and decrease

the transmittance. Fig. 6 shows that the transmittance de-

creased with increase in h-BN content. h-BN also exist in

another phase and is sintering inhibitor of silicon nitride

so relative density over 99% is impossible to obtained.

Transmittance was 57% in near infrared region and nearly

12% in visible region for 0.25 wt.% BN composite and

can be regarded as translucent and also the thickness was

0.3 mm. Fig. 7 shows the optical images of different wt.%

of h-BN in silicon nitride composite. In Fig. 7(d) the

sample shows translucency even though the relative density

is 90.1. Lowering of the relative density is due to the

Fig. 8. Surface morphology of polished surface Si3N4 composite without etching containing different wt.% of BN (a) 0.25, (b) 0.5, (c)

1.0 and (d) 2.0.

Fig. 9. Surface morphology of etched composite containing different wt.% of BN (a) 0.25, (b) 0.5, (c) 1.0 and (d) 2.0.
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increase in pores. The micrographs of polished surface

were shown in Fig. 8 and which shows that the pore

distributions were not uniform. As we know that h-BN is

sintering inhibitor of silicon nitride and is in different

phase i.e. not in liquid phase and thus increase porosity in

silicon nitride ceramics. Also h-BN is heterogeneously

distributed so pore distribution is also not uniform. h-BN

has lower density than silicon nitride and may be the higher

percentage of h-BN is on the upper surface so pores are

also likely to form on surface than inner part. The relative

density was measured for whole bulk sample of 5 mm

thickness but the samples were grinded to 0.3 mm and

may be the percentage of h-BN and pores were lowered

in grinded sample. This can be the reason for why the

translucency was observed at lower relative density. 

SEM images of different composition are shown in Fig.

Fig. 10. Comparison of wear volume with various content of BN

(wt.%) in silicon nitride.

Fig. 11. Coefficient of friction for various content of BN (wt.%) in

silicon nitride; (a) 0 wt.% BN, (b) 0.5 wt.% BN and (c) 2 wt.% BN. 

Fig. 12. Micrographs of wear tracks of different content of BN in

Si3N4 ceramics. (a) 0 wt.% BN, (b) 0.5 wt.% BN and (c) 2 wt.%

BN. 
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8. In those SEM micrographs, many pores were observed

which suggest that the samples were not sufficiently

sintered. In these micrographs, the porosity increased with

increase in BN content. In Fig. 9 we can see the elongation

of β-phase and also glassy phase. The glassy phase is

responsible for the poor properties of the composite. 

Tribological properties like wear volume and friction

coefficient were shown in Fig. 10 and Fig. 11 respectively.

Wear volume and coefficient friction decreased with in-

crease in h-BN content. The reason is the lubricant role h-

BN. Debris of α-Si3N4 made a thin film and decreased

wear volume. This result is closely related with the micro-

structure, especially the β-Si3N4 grain morphology. SEM

micrographs are also shown in Fig. 12.

4. Conclusion

The addition of h-BN decreased the optical properties,

strength and hardness of the material but fracture toughness

was slightly increased and also wear properties were im-

proved. The other factors that affect the transparency of the

material were β-phase, porosity and glassy phase that exist

in the composite. β-phase and glassy phase cannot be elim-

inated totally because silicon nitride ceramics are sintered

by liquid phase sintering but can be suppressed with

optimizing the content of additives, sintering temperature,

etc., and it is obvious that liquid phase promotes phase

transformation i.e. grain growth and glassy phase. 
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