CHAPTER 2

LITERATURE REVIEW

21 Properties of Si;N, ceramics

There are many kinds of engineering ceramics, such as silicon nitride, silicon

carbide, alumina and zirconia. In pz

silicon nitride (Si;N,) has been the most

ions. Si,N, has been widely used

wide range of the temperature,

2 \\\ corrosive resistance.”

properties of Si;N, ceramic

because of its properties, inc

good thermal shock resistanc

Table 2.1 show
compared with othe for structural engineering
applications.za) This Tak i,N, is superior to the other
materials. Si;N, has low ess, and also high fracture
strength. Moreover, Si;N, S ‘”'." hern hock resistance than other materials

because of the lowest thermal ex| pansion (C and high strength. Therefore, Si;N, is
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the material that suita . in e ppiications such as engine

components, wear-resjst ¥ gtgols.
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Table 2.2 and Figl 241 show typical §isN, components, for several application

fields. Some hﬂ uegrjr%tm &\m ﬁswgsq%ﬁal seals, cutting tools

and glow plugs g‘le shown.”*
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Table 2.1 Physical and mechanical properties of ceramics that are candidates for structural

engineering applications.za)
Thermal Flexural
Young'’s Fracture Flexural
expansion, strength
T e ' Modulus Density | toughness | Strength
Material CTE - . . . @ 1200
o) .. @2c @em)  @2C @21 C .
1o ¢ . o
. | (GPa) MPam'®) |  (MPa)
to~1000°C | salkb b 4 (MPa)
sic' | 2250° 2.8 16 | 2.6-3 s
sic® | 2400° 35 530 -
sic’ | 2400 2556 | 400-870 | 276-690
Si,N, | 1900 4.0-5.5 376 275
Si,N,” | 1900 3-4 150-295 | 160-300
Si,;N,” | 1900 4-7 | 400-1000 | 350-1000
Si,N,’ - 6.5-7.5 | 700-950 | 550-830
ALO, | 2045 2.5-40 | 300-450 | 150
ALO, - 7595 | 650-800 -
Zro, | 2700 4.4 . .
zro,” - )23 100-300 -
zro, | 2718 I 518 | 700-1200 | <500
zro, - 516 | > 1000 =

Decomposmon temperaﬂmn vacuum
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" Hot pressed ceramlcs
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Smteres ceramics

* Composite Si;N,, with 30 vol% SiC whiskers

® Composite Al,O, with 20 vol% SiC whiskers

° Fully stabilized ZrO,

" Partially stabilized ZrO,

aTetragonal zirconia polycrystalline, TZP




Table 2.2 Expected fields of application of Si;N, ceramics.”

)

Application fields

Components

Engine components:

Diesel

Plugs, turbocharger rotors

Wear and corrosion resistant components

Bearings, mechanical seals, blast honing
nozzles, vane pump parts, chemical pump

parts, milling balls

Metal treatment components™

i i

4/ minum diecast parts (metal melt
2%

guiaes; plungers, cylinders, and piston
cylinders)pwire-drawing roller pulleys and

dies; steel forming parts

Tools

¥
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Cutting toolss

=

Heat resistant jigs: [

Heat protecting parts

High temperature test jigs
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Thermal insulation ceramic tiles, heat

shielding plats, plasma insulators
i
e L]

iy ¥
sissbd

é?tfength test jigs (bend and tensile)
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Fig 2.1 Silicon nitride components, including other materials (Partially stabilized zirconia

(white) and alumium substrates (thin plates)).z‘”




22 Basic knowledge about crystal structures of Si;N,

The puckered sheet of Si,N, crystal structure, which joins Si-N ring, is shown in

Fig 2.2.°

Unit cell

structure

The tetrahedra strdct stalline Si3N4.25) Silicon atom is

coordinated by four nitroge atoifis s shou a.” It is indicated that the SiN,

tetrahedra introduces an open s-x_:-w’.a_-;_ E \jé;-; ids. Moreover, two crystalline forms

of Si;N,, which is Gl Zad—P—phases—are-showi-by=X=tay-tiffraction (XRD) pattern.
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Although both phases . eﬂe of Si-N layers is arranged

differently in c-axis dlrectlon

ﬂuEJ"] ‘Vl Ejﬂsw EJ,][Is] N,. ThenextA—BIaYerls

Fig 2.3-Blshows the A-B-A-B stackmg sequence of

dlrectIvaﬂT a Qﬂoﬁ m“ﬁ m‘wthEle ﬂﬁ to the c-axis

forms ar@und the site surrounded by 12 Si-N bonds. O(-Si;N, has an A-B-C-D stacking
sequence of Si-N layers. Fig 2.3-c shows the A-B-C-D stacking sequence of O-Si;N,.
The C-D layer is filled on the A-B layer and creates isolated large interstices formed by
the 12-member rings. Furthermore, the layers of O.-Si,N, stacking repeat after twice the

number of A-B layer of B-Si3N . Consequently, the microstructure of QL-Si;N, is equiaxed



grains and has approximately twice the c-axis of B-SigN,,. In the other words, the

microstructure of B-Si3N4 is columnar grains and has a half c-axis of O{-Si;N,.
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and C-D layer, which are alternated
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Fig 2.3 (a) The basis of ¢ layer, which is repeated in

the A-B-A-B stacking seque

in the stacking sequence of G.—S' ==
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2.3 Sintering mechﬁsm of S

Si,N, has been currently used since it has superior properties such as
o fa [ ¥

mechanical stﬂg!urﬂ frﬁc% Ejéﬂsﬁ wﬁﬂﬂtﬁnw at room and high

temperatures. However, pure Si;N, is, difficult to densify because of the high covalent
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densification by liquid phase sintering mechanism. Metal oxide additives such as CeQ,,
La,0,, Sm,0,, Y,0,, ALO, and MgO are used as sintering additives. The Y,0, and Al,O,

system is the most popular oxide additives for Si;N, ceramics.” "

In common, dense B-Si3N4 bodies are sintered from Ol-rich starting powder

containing 3-7 vol. % B-Si3N4 %" Besides, these sintering additives react with surface



SiO, of the Si;N, powder and form a grain boundary glassy phase. These phenomena

assist rearrangement of particle to achieve the densification. .

The solution precipitation mechanisms during liquid phase sintering are shown

in Fig 2.4: O-Si;N, solute to glass phase, and (1.—-)[3-Si3N4 phase transformation
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followed by the rod like B-Si:,N4 grain growth occur.
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Fig 2.4 Schematic representatio %w precipitation mechanism during liquid
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The behaviors lwnucleation and phase transforma@n are affected by the mass
transport thro ﬁ: f hase-siptering. With increasing
temperature, ﬂuﬂ ﬂw Wﬁ fjihitride by preferred
dissol ﬁ? f &t. The high
viscosﬁ ﬁyj\ﬁiﬁ imﬂlﬁi:l ?‘ﬂu:ji . high aspect

28)

ratio, which improves the mechanical properties.



24 Instability of Si;N, and Si,N, ceramics
Si;N, is thermodynamically unstable with respect to oxidation. Moreover, Si;N,
decomposes at high temperature and Si;N, ceramics show mass loss reaction during

sintering.

2.4.1  Oxidation of Si;N,

Si;N, (s) (1)

2Si;N (2)
Under low oxyg ,_ ¥0 ' a) at 1000 OC), active oxidation
occurs with formation of volatile IO A SIC _ > |layer is formed on a surface of

2.4.2 Decomposition,o ;
50) poses under 0.1 MPa N,

Y OILN, (s) d@)mposes to Si (g) and N, (g)
31)

Silicon nitride, de
at 2173 K. From the thﬂ»odyna

at the sintering temperatufe n, vacuum according to following reaction:
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N (8) > 3Si(I) + 2N, (9)
om the stability diagram for Si;N,, nitrogen gas pressure as hlgh as k., > 10°
Pa is essential to obtain dense Si;N, ceramics at high sintering temperature. In the other
words, high N, gas pressure in the furnace effectively suppresses the mass loss during

sintering.
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243 Mass loss of Si;N, ceramics during sintering

Yokoyama et al., studied the stability of Y,0,-Al,0,-SiO, glass composition at
2023 K under 0.1 MPa of N, to examine its thermodynamic stability at sintering
temperature.'”*" The results indicated that Y,0, and AlLLO, are more stable than SiO, in
Si-Y-Al oxynitride glass. Thus, the mass loss of the glass during heat treatment comes
from the vaporization of SiO as shown in reaction (4). The N, gas pressure in the

atmosphere does not affect the reaction

(4)
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244 Sintering of Si,N, ceramic in i furnaces,

o i .
Non-pressurized sintering of Si.N, cer in N, gas furnace is thought to be a

. . e e / . . .
low cost fabrication. But Nj gas-furnace is oecial comparing to air furnace.

= sintered without serious

According to Wadz; et-aleidii-2007-SisN - Ceramic-couic. ne
Vi AY
oxidation in air atmosphere Si,Ng specimen  from air. SigN,

specimen is set in two AlLLO, crucibles that are filled with Si;N, powder in the inner

crucible and Aﬁs - LEj W%’W' ﬂ ﬂﬁwder, most of oxygen

in crucible reacts powder, because it has large surface area, before

¢
ponc 1 w13 NPV e Nl
(4) and ctive’ oxidation. By n g Si, 410 i wde : tionally, much
gas generates. The generated gases disturb air diffusion into the crucible. Thus, Si;N,

specimens do not react with oxygen. Therefore, Si;N, ceramics could be sintered

without serious oxidation and mass loss in air atmosphere furnace.
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