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Study on High Performance Structural Ceramics

Abstract

This report summarizes all research
activities of non—oxide ceramic group in
Advanced Materials Laboratory of National
Institute for Materials Sciences. The
group started in April 2002 and finished
in March 2006.

carbide (SiC), siliconnitride (Si,N,) and

We dealt with silicon

boron nitride (BN) and aimed to develop
new non—oxide ceramics

In 2002,

research program, the Japanese national

at the beginning of this

projects on the engineering ceramics have

been almost finished vresulting in
creations of various high technologies
for ceramic powder processing, sintering,
These

machining and manufacturing.

technologies now gave Japan strong
competitiveness among the world ceramic
industries. We thought that we needed to
continue the further research works in
non-oxide ceramic materials in order to
open new technological and scientific
fields.

We noticed also that non—oxide ceramics
began to be  applied into the
high—precision machines and IC making
machines. We thought that the sintered SiC
materials could be substituted for metals
advanced

started

and alumina materials in

industry. First we
investigation of the study on the low
temperature sintering of SiC powder. High
strength and high temperature ceramics
were still important. Second, we tried to

strengthen SiC materials with particle

composite and developed porous for

environmental use. On the other hand, we
Si4N,

special creep behavior and new SigN, with very

investigated nano—structure having
high temperature strength for gas turbine
engines (Chapters 2 and 3).

During these researches, we invented very
important two non—oxide ceramics, that is,
sialon phosphor and CVD BN film having high
electron emissivity. The former can be used for
a white light by combining with blue LEDs. The
latter for electron sources for back lights.
Both applications have a huge market in
advanced industry. These materials opened new
fields for
optoelectronics fields (Chapters 4 and 5).

engineering non—ceramics in

We have been continuously acknowledging
importance of basic sciences on ceramics. We
developed new sintering theory that is totally
different from traditional theories. The
theory assumed that the total excess free
energy of the system activates sintering and
grain growth. We made clear the role of grain
boundary effects on the sintering. We also
studied the simulation on the
ideal

thermal conductivity of SiyN, (Chapter 6).

computer
materials science resulting in the

At the end of this report, all the results
issued from this research group are summarized
(Chapter 8). We express our thanks all the
concerned this

people who project for

successful fulfillment of our research.
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Sintering of Silicon Carbide

2.1. Low temperature sintering of silicon
carbide.

2.1.1.
IC industry

Introduction

recently uses ceramic
components in IC processing machine. As high
precision and high relative elasticity are
needed in these materials, the SiC
poly—crystalline is one of the candidate
materials.? We developed low temperature
sintering method for SiC. We have found that
Al-B-C is
additive.® ® So that, we sintered o (6H) - and
B (3C)-SiC powders using an A1-B-C additive.

The densification,

very effective sintering

crystal transformation
and grain growth of SiC were studied during
sintering. Low—temperature sintering was
possible with the additives, and the A1-B-C
additives enabled us to use hot isostatic
resulting in

pressing pore—free SiC

materials. ¥

2.1.2.

Starting materials were o (6H)-SiC fine
powder (UD A-1, Showa Denko K. K., Tokyo,
Japan), B(3C)-SiC (Beta—rumdum ultrafine,
Ibiden Co., Ltd., Gifu, Japan), and AlB,
(Kojundo Chemical Laboratory Co., Ltd.,

and C (phenolic resin,

Experimental procedure

Japan),
J-325. Dainippon Ink and Chemicals Inc.

Saitama,

Tokyo, Japan). They were weighed and mixed
inaSiChballmill with ethanol medium, dried,
and sieved. They were compacted using cold
isostatic pressing (CIP) at 200 MPa and
sintered in a carbon resistance furnace
(402E/7 dilatometer, Netzsch Gerdtebau GmbH,

Selb, Germany) up to 2150°C. The amounts of

polytypes in the sintered specimens were
determined by X-ray diffraction analysis
using the profile fitting method.?  The
of the

observed using SEM and TEM.

microstructures specimens were

2.1. Results
2.1.1. Density of sintered SiC

A percentage of theoretical density, of
sintered o— and B-SiC specimens is shown
T B2 1s s

under which experiments were conducted

Circles indicate conditions

Numbers beside circles are relative

specimen densities. Equidensity contour

lines are indicated

2200 1 1 L 1 L)
6 e . o \ e
< 2100 L% 98 98.p8 97,9\ 86,90 |
§ 98 %TD 96 %TD
S 2000 L o D 85e -
g 99, 98 7, 99 ’ / 9e
g 82,92
8 1900 | 90%TD ““e ~ -
on 98 )
g 80e
3 1800 | oy TOE8 |
= 8780 orgr S0 ——oSiC ¢®
2 — B-SiC
1700 1 1 1 1 1
0 1 2 3 4 3 6
Amount of AlB2 additive (mass%)
Fig.2.1.1. Relative density of sintered SiC with

AlB, (0.67 to 1.33 wt%) and C(2wt%) addition. The
red numbers and lines are densities and equidensity
contours for o—SiC and blue ones, for B-SiC.

a—SiC powder containing 0.67 to 1.33
mass% AlB, was densified to >98% TD at
1950-2000°C.  Our

were 150-200°C lower than the conventional

sintering temperatures



method in which SiC powder is sintered with
B-SiC powder was less sinterable than a—SiC
powder due to large grain growth accelerated
using B-to-a transformation.

We have found already that the liquid
formed around AlgB,C; composition at 1800°C
in the system of SiC-A1,C4B,C (Fig.2.1.2).
» Low-temperature sintering of SiC powder
with AlB, and C seems to be achieved using

liquid formation with this composition.

AlB,C,

Fig.2.1.2. Phase compatibility in the system of
SiC-Al1,C,-B,C at 1800°C. The red area shows liquid
formation around ALgB,C, composition.

2.1.2. Polytypic transformation

We analyzed quantitatively contents of
five polytipes of 2H, 3C, 4H, 6H, and 15R
in the powders and the sintered a— and -SiC
specimens sintered with 2.7 mass¥% AlB, and
2 mass% C (Fig.2.1.3.).

The o—SiC starting powder was almost of
6H containing a small amount of 3C. It partly
transformed to 4H above 1900°C, even a-SiC
without any additives is not transformed to
other polytypes at high temperature. Al
stabilized 4H-SiC
Al atoms from AlB2 appeared to

atoms are known to
polytype.
dissolve into SiC grains and stimulated
transformation of 6H to 4H.

The starting B-SiC powder was almost 3C

containing a trace of 2H or 4H. B-to-a
transformation and C was significant in
B-SiC powder.

temperatures.

3C was quasistable at all
It tends to other polytype
introducing faulty microstructure. In this
study, 3C began to be transformed to 2H and
6H at 1800°C, then completely to 4H at 2000°C.
The transformation were accelerated by Al
atom solution in addition to normal phase

change.

100 [ X l

80 ,
A2. 70 A

60 =]

40

L POOL

20 %
> O
0
J LK M
16 18 20 22

Sintering temperature (x100°C)

Content of polytypes (%)

| ] !
o O
s 1
|
1
Z5
L W
16 18 20 22

Sintering temperature (x100°C)

Fig.2.1.3. Polytype transformations in the o~ (top)
and B-(bottom)SiC sintered at 1600 to 2100°C.

2.1.3. Grain growth accelerated by
transformation
Fig.2.1.4. shows the microstructure of

the o~ and B-SiC specimens sintered at

2000°C.  In oa—-SiC specimens, grains grew
into plate— or rod-shaped. This structure is
different from o—SiC powder sintered with

B and C using the conventional industrial



method by which grains become iso—

tropically and are nearly spherical grains.

Grains grew anisotropically, corresponding
to 6H to 4H transformation temperatures.
Mean grain size of sintered SiC specimens at
2000-2150°C was 3-6 mm and the aspect ratio
1.9-2. 6. of SiC

materials increases with increasing mean

Fracture toughness
grain size and aspect ratio.

B-SiC sintered at 2000°C with 2.7 mass%
AlB, and 2 mass% C. B-SiC powder grains grew
rapidly, some becoming large plate— or
rod-shaped.

Fig.2.1.4. Anisotropic grain growth in sintered
a~SiC (top) B-SiC (bottom).

Fig. 2. 1. 5.
and B-SiC specimens sintered at 2150°C with
2.7 mass% AlB, and 2 mass% C. In o—SiC
stacking faults formed as 4H

shows TEM images of the o~

specimens,
stacks parallel to a c—axis in 6H crystal.

This introduced anisotropy in grains and

resulted in plate or rod-shaped grain
growth.

A TEM image of B-SiC sintered at 1900°C
with 2. 7 mass% AlB,and 2 mass% C (Fig. 2. 1. 5.
bottom) shows that stacking faults were
heavily introduced in grains undergoing
B-to—a trans—formation corresponding to

the results of polytype analysis.

Tum

Fig.2.1.5. Stacking faults introduced by polytypic
transformation in o—SiC (top) and B=SiC (bottom).

We consider here that the grain growth is
accelerated by the polytypic transformation,
that is, the transformation energy drive
mass transport for grain growth. The grain
growth no‘rmally is driven by surface energy
and grain curvature, which was well known as
Ostwald ripening. So that, it is interesting
to compare an excess surface energy by grain
curvature and difference in internal energy

by transformation.



Excess surface energy AE, is calculated
by AE=3eV,/r (1)

where g is surface energy of SiC, V. is
molar volume and r is grain radius. For SiC,
g, 1s around 3.8 J/m?, V, is 1. 25x10°m*/mole
and we set r=1-2.5um in this study. AE is
then 143-57J/mol. Transformation energy AE,
is not measured experimentally. We can refer
the results of molecular dynamics computer
calculations. They yield AE,=101-116 J/mol
for the transformation of 3C-SiC to 6H or 4H.
We find that these two values are almost
comparable and the transformation energy
can accelerate grain growth as well as

surface energy.

2.1.4. High isostatic pressure sintering
(HIP) of SiC with Al-B-C additives
As HIP, one of the most

techniques for obtaining densified ceramic

effective

materials, needs high pressure vessel and
high thermal insulation, It has technical
difficulties to sinter ceramics at high
temperature. An  advantage of  low—
temperature sintering is that HIP without
encapsulation  becomes easier. We
presintered o—SiC powder compacts with A1B,
and C until compacts were densified to 3. 10
g/cm®, in which pores were almost closed
This presintered SiC specimens then
underwent post—HIP without a capsule at low
temperature. The schematics of experimental
procedure is shown in Fig.2.1.6.

The results of HIP of o~SiC powder are
listed in Table 2. 2. 1. With these treatments,
we obtained completely densified (3.20

g/cm?, 99.5 %TD) SiC materials.
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Fig.2.1.6. Complete densification by presintering
and post-HIP at low temperature

Table 2.1.1. HIP of SiC powder.

Temp. and Press. Density

Presintering 1850°Cx0. IMPa 3. 14 g/cm®

Post-HIP 1850°Cx176MPa  3.20 g/cm®

2. 2. SiC and metal boride composite
2. 2. 1.
We attempted to sinter SiC powder with

Introduction

fairly large amounts of B and C to increase

fracture toughness. Adding 2.6-4.7 vol% of



B and 3 vol% of C, however, did not fully
densify SiC powder due to highly exaggerated
grain growth. We then considered that if
grain growth could be suppressed and we

could get high performance SiC ceramics.

2)

In order to suppress grain growth during
sintering, we tried to dope a secondary
phase, which acts to obstruct grain growth.
We chose the various types of meal borides
as a secondary phase.

The objectives of the present study were
to examine compatibilities of various metal
borides with SiC in sintering process, and
to clarify densification behavior of SiC
powder with metal borides. We sintered
6H (o) -SiC powder with a fairly large amount
of nonoxide additives, i.e. B and C, and 11
types of metal borides. We added a variety
of metal borides having a high melting point
to SiC powder, and studied the compatibility

of metal boride with SiC on sintering

2. 2. 2

Fine 6H-SiC powder with a mean particle
size of 0.76 mm (0Y-15, Yakushima Denko Co.
Ltd., Tokyo, Japan) as starting powder, B
(Amorphous Born, H.C. Starck GmbH, Goslar,

Experiment procedure

Germany) as additive, and CaBg, CrB, LaBs,
MoB, NbB,, TaB, TiB,, VB, WB, YB,;, and ZrB,
(Japan New Metals Co., Ltd, Osaka, Japan) as
particulates were used. C was introduced
from phenolic resin (J-325, Dainippon Ink
and Chemistry Inc.) which was converted to
carbon during sintering.

SiC powders with B and C and one of these
metal borides were mixed, dried and
compacted by cold isostatic pressing (CIP).
Powder compacts were then sintered in normal
Ar pressure in a carbon resistance furnace
(402E/7 dilatometer) up to 1800, 2000 or

2200°C, and was kept for 30 min.

Specimens were surface—finished and

etched by Murakami’ s reagent. Micro-

structures were observed by SEM and TEM.

Fracture toughness was determined by
indentation  fracture (IF)  using a
conventional Vicker’ s indenter. Young s

moduli, required to calculate fracture

toughness, were determined by pulse-echo

100

' Sint‘eringltempl. °c)

I 1800 |
2000
R 2200

BT S O LR TG

Density (%TD)

D ST

il
o o
N o 8
Fig.2.2.1. Density of SiC-metal boride composites
sintered at 1800, 2000 and 2300°C.

2. 2. 3.
Sintering behavior of SiC-metal

Results
boride
composites

Density after sintering at 1800, 2000,
and 2200°C is shown in Fig. 2. 2. 1. The first
3 columns designated N. MB are the densities
of the specimen without metal boride. The
specimen N.MB heat-treated at 1800°C had
many small pores and sintering advanced
somewhat at 2000°C, while grains partly grew
to have plate like shape. At 2200°C, grains
grew inhomogeneously.

Columns to the right of the first 3
columns designated by MoB, NbB,, etc. in
Big. 2. 2. L. of the
specimens sintered with metal borides, Band
C. MoB, NbB,, TaB,, TiB,, VB, WB, and ZrB,

enhanced sintering of SiC when fairly large

show the densities

amounts of B and C were added. Densities of



reached 95-99 % = of
theoretical density (%TD) after sintering
at 2000-2200°C.

CaBg, CrB, LaBg, and YBg did not sinter SiC

these specimens

powder behaving large and exaggerated grain
growth at 2200°C.

growth suppressed densification, and the

The exaggerated grain

specimens became porous after sintering.

We can point out that the fairly large
amounts of B and the metal borides, such as
MoB, NbB,, TaB,, TiB,, VB,, WB, and ZrB, could
densify SiC powder with normal grain growth
at 2000°C inhibiting grain growth.

The specimens with CaBg, CrB, LaBg and
YBg, did not densify SiC powder exhibiting
very large grain growth. A liquid phase
might form at the sintering temperature and

seems to have accelerated mass transport at

boundary and enhanced grain growth.

Microstructures of SiC with metal borides

The microstructure of all specimen were
studied by SEM. The typical microstructures
were shown in Fig. 2.2.2. The metal boride
grains added were removed by etching in the
figures. We found that the
sintered at 2000°C doped with TaB,, TiB,, VB,,
WB, and ZrB, by TEM consisted of round grains

specimens

with several microns in size.

Grains in specimens with NbB, and MoB were
slightly elongated. Grains in all specimens
tended to be elongated and plate—like after
sintering at 2200°C. Specimens with CaBg CrB,
LaB,
grains after sintering at 2000°C and 2200°C.

and YBg were porous with elongated

These four metal borides contributed to

grain growth rather than densification.

Sintering densities with different amounts
of B and WB
We studied the sintering behavior of SiC

powder with WB in detail, as WB addition was

especially interesting. The results are

shown in Fig. 2.2. 3.

Fig.2.2.2. Microstructure of specimens sintered
with metal borides, from the top to the bottom
photos, SiC with 5 vol% of NbB, sintered at 2000°C,
at 2200°C, SiC with 5 vol% of CrB sintered at 2000°C
and at 2200°C. Additions of B and C were 2.5 and 3
vol%.
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Fig.2.2.3. Density vs. WB, B and C content in SiC
WB composites. The red dots indicate experimental

conditions and the 3 numbers by dots are
percentages of relative density (%TD) after
sintering at 2200, 2000, and 1800°C from top to
bottom. The green oval shows the condition where
the densities are higher than 95 %TD.

Specimens only with WB (5 and 10 vol% of
WB), and specimens only with fairly large
amounts of B and C (2.6 and 4. 7 vol% of B and
3 vol% of <€) were not sintered.
Non—sinterable behavior of the former two
specimens indicates that SiC powder does not
sinter without B addition. The
non-sinterability of the latter two
specimens is the same behavior of the
which has
already been mentioned in the section 2. 2. 3.
Two specimens with 5 vol% of WB, 0 vol% of
B and 3 vol% of C, and with 0 vol% of WB, 4.7
vol% of B and 3 vol% of C behaved abnormal

densification, that is, density did not

specimen N.MB in Fig.2.1.1.

monotonically  increase as sintering

temperature increased. As these specimens
were non—sinterable, densification seemed
to be unstable.

The green oval in Fig.2.2.3. indicates
conditions where specimens were sintered at
higher density than 95% TD at 2000°C. From
this, we conclude that SiC powder can be
sintered with a wide range of WB and B

addition at 2000°C, and confirms again that

S5iC powder with fairly large amounts of B and
C can be sintered by addition of WB.

Fig.2.2.4. Microstructure of SiC-WB composite.
Polished surface was etched by Murakami’ s reagent
and WB grains were removed. Composite was sintered
at 2000 (top) and 2300°C (bottom) with 10 vol% of WB,
4.5 vol% of B and 3 vol% of C.

Microstructure of sintered SiC with WB
Fig.2.2.4. shows the microstructure of
SiC-WB composite sintered at 2000 and 2200°C
with 10 vol% of WB, 4.5 vol% of B and 3 vol%
of C, and sintered. WB grains was removed
by etching. SiC powder grew normally at
2000°C but it exaggeratedly grew at 2200°C.
Big.2.2.5. shows
of the specimen sintered at 2000°C with 5
vol% of WB, 2.5 vol% of B, and 3 vol% of C.

Bright grains are SiC and dark grains WB.

TEM microphotographs

WB grains having smaller size than SiC
grains were dispersed among SiC grains, and
very small WB grains were located at triple

points of SiC grains. WB grains may obstruct



exaggerated grain growth of SiC, enabling

SiC powder to densify

Fig.2.2.5. TEM micrographs of SiC-WB composite.
Polished surface was etched by Murakami’ s reagent
and WB grains were removed. Composite was sintered
at 2000 (top) and 2300°C (bottom) with 10 vol% of WB,
4.5 vol% of B and 3 vol% of C.

Fracture toughness of sintered SiC with
metal borides

The fracture toughness in specimens
almost fully densified is listed in Table 2.
2.1 The grains in the some of SiC
specimens could not measure by the
indentation method K, because grain grew
very large.

Fracture toughness measured ranged from
4.07 to 4. 75 MPam?.  SiC-WB composites had
higher fracture toughness than conventional
SiC ceramics. Metal borides among SiC grains
may obstruct crack propagation and increase
fracture toughness. Table 1 also lists

elastic constants of specimens. Young s

moduli of SiC-WB composites were slightly
lower than that of the reference SiC

specimens.

Table 2.2.1. Elastic constants and fracture
toughness of SiC sintered at 2000°C with metal
borides, B, and C added.

Additives d E v K

5%TaB,+2. B%B+3%C  97.5 420 0.18 4.75
5%VB,+2. 5%B+3%C  96.8 390 0.17 4.59
5%7ZrB,+2. 5%B+3%C  95.9 407 0.18 4.49
10%WB+4. 5%B+3%C  94.3 348 0.18 4.34
5%MoB+2. 5%B+3%C  94.7 397 0.17 4.09
5%WB+2. 5%B+3%C 95.8 401 0.18 4.07
0. 4%B+3%C (ref. ) 98.1 437 0.18 3.29

d:relative density (%TD), E:Young’ s modulus
(GPa), v:Poison’ s ratio, K;: Fracture toughness
by IF (MPam'/?)
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2.3. Porous silicon carbide
2.3.1 Introduction

Porous SiC materials are candidate

material for diesel particular
filter (DPF), and the markets of DPF are now

expanding rapidly mainly in EU. They are

engine

industrially manufactured by recrystal-

lization or Si-bonding. Recrystallized
porous materials are obtained by sintering
pure coarse SiC grains at »2200°C, at which
bonding partly occurs between grains by
self-diffusion or vaporization/ condensa-—
tion. The Si-bonded porous materials are
sintered using SiC grains with a Si melt at

a low temperature. These materials have



~45% porosity and a strength of 20-50 MPa. I™¥

In this study, we attempted to fabricate
SiC porous materials using fine powders.
In the previous chapter, the sintering of
SiC powder completely at relatively low
temperatures with Al-B-C additive.®® Al
addition alone can promote grain growth, but
not densification, and porous materials can
be sintered from fine SiC powder with the
addition of Al compounds

We fabricated porous SiC from a— and
B-powder mixtures with AlB, in order to
enhance grain growth both by Al solution and
by B-to—a transformation. We report here
the grain polytypic
strength of  the

growth behavior,
transformation and
fabricated porous SiC prepared from o— and

B-SiC starting powders.®

2.3.2. Experimental procedure
The starting materials were o~ and f-SiC
fine powders (o:Yakushimadenko Co., Ltd.,
0Y-15,
B:Ibiden Co., Ltd., UF, average grain size
0.28 um),
(Kojundo Chemical Laboratory Co.

average grain size 0.72 pum and

and AlB, powder for additive
Ltd.).
They were weighed according to the required
compositions shown in Table 2.3.1. The
powder mixtures were first heated up to
1500°C  in

contaminations and sintered at 2200°C for 30

vacuum to  remove oxide
min under Ar atmosphere.

The polytypes in the sintered specimens
were quantitatively analyzed by X-ray
diffraction. ¥

The specimens were grounded using a
diamond wheel to 3 x 4 x 40 mm bars, and their
bending strengths were measured by 3-point
bending with a 30 mm span according to the

Japanese industrial standard JIS R 1601.

2.3.3. Results and discussion

Grain growth in o~ and B-SiC powder mixtures

Before sintering o— and B-SiC powder
mixtures with AIB,, we first sintered pure
o~ and B-SiC powders at 2200°C without AlB,.

Table 2.3.1. Composition of starting powder and
relative density before (db) and after dintering
(ds).

Sample o content AlB, dg ds

(%) (mass%) (%) %)
A100-6 94 0 6.0 52 61
B100-3 0 97 3.0 51 64
ABOOO 99.7 0 0.3 54 57
ABO10 89.7 10 0.3 54 57
ABO30 69.7 30 0.3 54 56
AB050 49.7 50 0.3 54 55
ABOT0 29.7 70 0.3 53 55
AB100 0 99.7 0.3 53 56

Fig. 2.3.1. shows the microstructures of the
sintered specimens with 0.3 mass % AlB,. 1In
the specimen prepared from o—SiC powder,
grains grew moderately and uniformly Grains
in B=SiC powder also grew moderately. Grain
growth was enhanced very much in the o~ and
B-SiC Fig. 2. 3. 2.

summarizes size of the

powder mixtures
the mean grain
sintered specimens
Polytypic—transformation-inducing  grain
growth
Fig.2.3. 2.
polytypes in the sintered specimens along
The o-SiC
polytypes found in the specimens were mainly
6H, and a small amount of 4H and I5R. In

Fig. 2.3.2, the amounts of o~SiC, which are

shows the amounts of o-SiC

with the mean grain size.

the total percentage of 4, 6H and 15R, are
plotted against the amounts of B-SiC powder,

The -SiC in the specimens from the powder
mixtures completely transformed to o-SiC.

The o-SiC grains contacting with §-SiC



nuclei for

in the

grains might serve as

recrystallization. «a-SiC grains
starting powder mixtures triggered B—to—a
transformation and grain growth took place

subsequently or at the same time.

Fig: 2.3 1,
growth in porous SiC specimens prepared from o— and
B-SiC powder mixtures with 0.3 mass% AlB,. a) 99.7
mass% o—SiC and 0 mass % B-SiC, b) 89. 7 mass% a—SiC
and 10 mass% B-SiC, ¢) 69. 7 mass% a—SiC and 30 mass%
B-SiC, d) 49.7 mass% o—SiC and 50 mass% P-SiC, e)
29. 7 mass% o—SiC and 70 mass% B-SiC and ) 0 mass%
o~SiC and 99.7 mass% B-SiC.

SEM images showing enhanced grain

Strength of porous SiC

The bending strength of porous SiC at room
temperature is shown in Fig. 2.3. 3. The
strength of the specimen prepared from o—SiC
72 £ 11 MPa. Those of the
specimens prepared from the powder mixtures
were 70210 to 83=%13 MPa.

The strength was not

powder was

significantly
different among the specimens although the
grain sizes were different. The specimens
prepared from B-SiC powder had a slightly
lower strength (50%+9 MPa) than the others.
This might be attributed to a few large

grains embedded in the porous.
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Brig: % 8.2 Changes in (a) polytypic
transformation and (b) grain size in porous SiC
specimens sintered from o- and P-SiC powder
mixtures.

The strength of porous SiC materials
actually used in DPF was reported as 20-53
MPa. The porous SiC materials in this study

were stronger than these materials.

2.3.4. Summary

o~ and B-SiC fine powders, and these
powder mixtures with AlB, additive were
sintered at 2200°C. The densities of the
SiC powder compacts did not increase by
sintering, and porous SiC materials were

fabricated.
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Figi2.3:3:
sintered from o~ and B-SiC powder mixtures.

Strength of porous SiC specimens

The AlB, addition promoted only grain growth
without densification. Grain growth was
enhanced considerably in the o~ and B-SiC
powder mixtures. Grains were plate—shaped
with a 6-8 pm size forming an interlocking
structure. The complete transformation of
B-to—a polytypes took place in the porous

SiC materials from the powder mixtures,

while the pure B-SiC did not transform

significantly. B-SiC was stimulated to

transform into o—SiC allowing for enhanced
grain growth. The strength of the porous SiC
was 70-83 MPa, which is higher than that of
conventional porous SiC materials used in

DPF.
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Fig. 3.2.1. Typical TEM image of
high-energy milled Si,N, powder.?
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Fig. 3.2.2. XRD Patterns of as—mixed and milled
powders (BP0 : before milling, BP2: after milling).'®
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Fig.4.3.2. PL spectra of Ca—q-sialon:Eu
phosphor.
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Fig.4.8.1. White LEDs containing sialon phosphors.
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Basic research on structural ceramics

6. 1. New theory of mass transport in solid
6. 1. 1.

If ceramic grain is heat-treated at high
will

toward an equilibrium shape. It will become

Introduction

temperature, it change their shape

a sphere or cube depending on crystal
anisotropy. In sintering of ceramic powders,
powder is heated up at high temperature,
grains join together, losing surface area
and creating a grain boundary. During these
shape changes, the free energy associated
with surface area. It is thus considered that
the excess free energy stored on the grain
surface or grain boundary is the driving
force for material transport for shape
change. We have been investigating sintering
and grain growth from the viewpoint of the
free energy theory. We assume that the

excess free energy stored in a system

directly activates material transport,
changing a system toward an equilibrium
state, and proposed a rate equation for
material transport was proposed

First we discuss rigorous derivation of
the rate equation for diffusion material
transport from the free energy theory
Second we apply the rate equation to shape
changes of spheroidal and rectangular solid
shape

grains, and simulate behavior of

change the grains.

6.1.2.
transport

Free energy theory for material

Derivation of rate equation
We assumed that the rate must be in

proportion to excess free energy of the

system AG and a frequency of atom jump, and

proposed the following equation. ¥

KT RT

where u is the rate of the process, v, is the

AG, is the

u = v, exp|—

vibration frequency of atom,
activation energy for atom jump or migration,
and R and T are the gas constant and
temperature. y is the measure unit for the
rate process.

We consider here volume diffusion of
solids V setting y a volume. w is then in
proportion to the volume 1,° carried by one
atom jumping, where 1, is a lattice parameter
for one atom. yis also in proportion to

cross sectional area, a_ or a/l in a

X
non—dimensional unit, and is in inverse
proportion to effective diffusion length
A (x) or A, (x)/1l, in a non—dimensional unit.
These geometric parameters are shown in

Fig.6.1. 1.

X 7\“)((X> X()Ut

Fig.6.1.1. Mass
through a diffusion area a(x).

transpormation from a solid V

Substituting y=y (1% (a,/1,% / (A,/1,) in to



eq. (1),
diffusion dv/dt is written by eq. (2).

the material transport rate by

dv

— = yliv, exp{— éG—;Ii-j{l - exp(— M—j}
dt RT AA, KT

(2)
where y is a constant. We find that the first
four terms in the right hand side of eq. (2)
are equal to the diffusion coefficient
D (=yl fngexp (-AG,”/RT)), and eq. (2) reduces
to the simple form of eq. (3).7

dv a, J 3 _A_G
7 0(/1—‘}11 exp( ]PTJ} (3)

(a /Ay

average of a,(x)/A(x) over the volume V.

is given by taking a harmonic

a,(x) is the mean cross sectional area of a
truncated cone with bases of a(x) and a,,.
A (x) is the effective diffusion lengtha,(x).
(a,/A,) is then calculated by eq. (4).%

5 1
1 ) IXW @ dx
a,() I, ar

"o
1 Ax)

a [, dv

, and

v ()

Consistent of Free energy theory with
Fick’ s first law

As  material transport depends on
concentration rate of material A, C,, eq. (3)

is modified to eq. (5).

dm a, AG
— =0, )L K] - expl— — 5
dt ”{EJ{ “ ( /?Tj} ®

Free energy or chemical potential u, of
material A is:
fy =y + RT Ina, = u + RT In £,C,
(6)
where p1,°, a,, and [, are the standard chemical

potential, the activity and the activity

coefficient. In the small volume dV having

the concentration gradient dC,/dx, AG is

given by eq. (7).

AG(E —duy) = ~[-/C‘)-T-]dc,j (7
4

(a,/A,) isequal to {a(x)/dx} in dV and eq. (5)

becomes  eq. (8)1i.e. Fick’s  diffusion

equation.

afx
% = C A/){ 5 }{1 - exp(___/efcdcﬂ _1_}}
iy W T (8)
dC
~ —alx ) —4
()D dx

The free

energy theory for material

transport is coincident with Fick’s law. ¥

6.1.3.
spheroidal and rectangular grains

Rate equation for shape change of

Models and excess energy for shape change of
spheroidal and rectangular grains
Fig. 6.1 2. shows models for spheroidal and

rectangular solid grains

Spheroidal yr
grain 57\\
T X
\KM a
Z
Rectangular Y
grain
iTy
, -
4 X
z oy
Fig.6.1.2. Models for spheroidal (top) and

rectangular (bottom) solid grains.

The two grains are symetrical aroud to x—axis
and have an aspect number or a shape factor
r,/r,, and are expressed mathematically by
the eq. (9).



For spheroidal grains,

? 7
r Lz 1, ad 1, >15>0
2 2 2 a b
Iy L 5
for  rectangular grains,
X=%r, y=+n, 2=+ , and r, > 1 >0

9)
Iixcess free energy is given by the difference
between surface energy at present d)(at
present =surface erea x surface energy) and
minimum surface energy ¢(at equilibrium),
i.e. that of sphere or that of cube for
grains,

speroid and rectangular

respectively.
AG = ¢(at presenl) - ¢(al equi/ibrium) (10)

Calculating AG on the model of Fig. 6. 12., we
get eq. (11). The details of the mathematics
are here neglected or refered in our prevous

work. ¥

Forspheroidalgrains

ArccosR,

eV 1
AG = ( s nzj R—7 3 _RZ 3 TERas
2 Ra(leg)

7

a

For rectan gular grains

AG = [ er]3R—2/3{;R —1/3(2+R ) }

r(l

(11)

where g, is surface energy, V, ismolar volume
(0<R,<1)

grains are elongated,

and R=r,/r, is the shape factor.
For R,

become a sphere or a cube at R=1.

and they

Term of diffusion area and length

We can consider that the diffusion path is
approximately the same path through which
material flows into a central plane from the
whole volume. Calculation of (a,/A) is

therefore performed on spheroidal and
recrangular grains by eq. (4) resulting in

eq. (13).

For spheroidal grains

{%} = 27r,R*

For rectangular grains
a,
L) = 81,k
A,

Rate equations for shape change of grains

(12)

The mass required for a shape change of a
grain is considered to be equal to 2dr,xa,,
inFig.6.1.1.,
at the center of grains in the case of
Fig.6. 1. 2.

where a_,, in the cross section

For spheroidal grains
d
Az o
dt 37 % dt
For rectangular grains
d dR
dt

(13)

dt 3

From eqgs. (3), (11), (12) and (13), we obtain
the rate equations for shape changes of

spheroidal and rectangular grains.

For spheroidal grains
ar, [35501//”} D

dt RT vV “
[

y 1 P /‘Jl . Arccos I,

20 ey

For rectanguler grains

v p
Ay (3601
dt RT V -

{3 R+ k) - 1}

(14)
The rates of shape change are in proportion
to the surface energy g, and the diffusion
constant D and in inverse proportion to the

volume V.



6.1.4.
factor

Numerical calculation of shape
The rates for shape change dR,/dt were
The results are
dr,/dt 1is
plotted against R,. Shape factor at time t is

calculated using eq. (14).
shown in Figs.6.1.3.to 6.1.5

plotted against the dimensionless time Bt,
B=(3e,DV,/RT) /V and V is volume of grain, in
Figs.6.1.4 and 6. 1.5. dR,/dt becomes larger
as R, becomes smaller indicating a long and

narrow grain rapidly changes its shapes

Rectangular
grain

=
o
N
T

Spheroidal
grain

1 I 1 1 1
0.9 (=09 4
Spheroidal grain
0.8 -
o) R (0)=
W R (0)=0.5
0.7 08
0.6
0.7
0.6 .
0.9
05 1 1 1 1

0 20 40 60 80 100
Bt

Fig.6.1.4. Change of shape factor of spheroidal
grain, R, (t)=r,/r,. B=(3¢ DV, /RT)/V.

R (0)=0.9

Rectangular grain

0.8 sl
=, R (0)=0.5 R,(0)=
) a
0.7 lf//’ 0.5 a
0.6
0.7
0.6 0.8 o
0.9
05 ] 1 1 ]
0 20 40 60 80 100
Bt
Fig.6.1.5. Change of shape factor of rectangular

grain, R, (t)=r,/r,. B=(3gDV,/RT)/V.

show that elongated grains
while

nearly round and cubic grains changed shapes

The results

changed their shapes very rapidly,

very slowly and that the rectangular grain
changes its shape a little faster than the
spheroidal grain. This behavior can be
understood by considering that the surface
area of a spheroidal grain is smaller than
that of a rectangular grain with the same
volume V. We conclude that the new ideaa of

free energy theory make possible to simulate

shape  change  regrousely by  simple

assamption.
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6.2 Gomputer Science on the properties of
ceramics
6.2.1.

Siliconnitride (Si.N,) has been a material

Introduction



of great research interest over the years

because of its unique mechanical and

electronic properties, and diverse
applicability. It is well known that silicon

nitride exhibits excellent resistance to

wear, corrosion and  thermal shock.
Furthermore, silicon nitride exhibits
superior mechanical properties at high

temperatures, and thus, it is considered to

be an ideal material for use in various

applications, such as engine components,
extrusion dies and cutting tools

There are three polymorphs of silicon
nitride; the o,V B, '
3

and cubic spinel
phases. ¥ The B - phase, with a density of
approximately 3.200 g cm™ is obtained from
a transpormation of the o— to fB- phase at
elevated temperatures, above 1300°C. Both of
the o~ and B- polymorphs have an underlying
atomic structure that is hexagonal, and only
differs along the z-axis in the stacking
sequence. Even though the o- and B-phases
are similar in structure, the two phases
exhibit slightly different mechanical and
thermal properties that are not completely
understood. There is also the cubic Si,N;
spinel structure, space group Fd-3m or the
subgroup Fd3. The cubic phase polymorph has
a density of 3.93 £ 0.12 g em™® (~23% higher
than the o~ or PB-phases), and the spinel
structure was found to have an atomic
arrangement of silicon atoms coordinated
four and six—fold to the nitrogen atoms in
a 1:2 ratio, whereas in the o- and B-phases
four—fold

coordinated with the nitrogen atoms.

the silicon atoms are only

Interestingly, the non—oxide ceramic is
inherently difficult to produce, since, in
general, high temperatures, high pressures
and additives are required during the

fabrication process. From the sintering

process a siliconnitride composite material

is produced. The composite exhibits an
intergranular glassy phase, which is mostly
made up of oxides, at triple junctions or

between the pure single crystal SijN, grains

(general ly, B-Si;N,  particles). The
thickness and properties of the
intergranular phases (including other

properties) can be altered, using various
sintering additives, where in most cases

rare—earth elements are also used. In

particular, the addition of the elements
aluminium and oxygen into the sintering
process effects the growth of grains and the
strength of the crystalline—glass interface.
high

temperatures the addition of these additives

It has been observed that at
produces a solid solution variation of the
SiAION. %7 The

quaternary SiAlON solid solution, produced

silicon nitride crystal;

using oxide, nitride and oxynitride powders,
also exhibits similar desirable properties

such as excellent resistance to wear, yet can
be formed at lower temperatures. Naturally,
the well known single crystal o—, B— and c-
SiAlON phases exhibit a lattice structure
that, clearly, is derived from the a—-, B-
and ¢—Si3N, phases.

The main aim of this project was to use the
most up~to—date computational, atomic level,
methods to characterize material behaviour.
In particular, to provide an estimate of
material properties that to date has not been
the SigN, and SiAlON

ceramics are produced as a polycrystalline

reported. In general,

composite. The underlying material

behaviour is directly linked to the
microscopic structure of the composite, and
thus, in order to understand, and control,
the behaviour of the polyecrystalline

ceramics, knowledge of the mechanical
behaviour of the single crystal structures

is essential. Therefore, it was the purpose



of this work to progressively build-up a
knowledge base of the mechanical properties,
and add to the knowledge base by calculating
unknown properties, such as the
stress—strain response of the single crystal

structures.

6.2.2. Methodology
As mentioned previously, the latest

atomic level computational method was
employed to simulate the behaviour of the
single crystal structures. In this study of
the Si,N; and SiAION ceramics the well-known
Density

Functional Theory computational

software, the Vienna Ab—initio Simulation
Package (VASP), was employed. The complete
computational methodology of the package is
not outlined here, however, the
computational procedures are discussed in
detail elsewhere.»>9 In addition, an
appropriate procedure was tailored for the
calculation of the mechanical and electronic
properties of the single crystal ceramics.
This procedure is not outlined here but given
in detail elsewhere. %9

Briefly; the physical parameters of the
crystal structures in question where first
optimised using an appropriate relaxation
process. Following this, the relaxed
structures where used to estimate mechanical
and electronic properties of the crystal at
0K. The mechanical properties calculated
bulk modulus,

and the stress—strain curve (in some cases

were the elastic constants,

the shear modulus and hardness were also

estimated). The electronic properties
calculated  were the atomic  charge
distributions, band structure (BS), and

density of states (DOS) of the unstrained
and strained, atomic configurations; where
the strained structures are those obtained

from the stress—strain calculation. From the

stress—strain data, estimates of the ideal
tensile and shear strengths of the crystal
polymorphs were obtained

It is note worthy that, in calculations,
the B- and ¢— phases are obtained by a direct
substitution of Al and O elements only, in
the underlying crystal structure. However,
in the case of the o- phase a further
substitution of a rare—earth element, such
as Li, Mg, Y, Er, etc., is performed; where
the rare—earth element was substituted into

an interstitial site.

6.2.3. Results

As mentioned in the previous section the
main aim of this work was to estimate the
mechanical and electronic properties of the
SigN, and SiAION ceramics, using the most
current atomic level computational methods
In the literature various studies have been
reported that have employed theoretical
methods to understand better the mechanical
and electronic properties of the ceramics
Unfortunately, the reported results of the
‘ideal’

limited, if not

tensile and shear strength were
non—existent. In this
section only the main, and most novel data,
are presented. All other data of the Si,N, and
SiAlON ceramics obtained by the authors are
reported in the literature. '™

The calculated mechanical properties, the
optimized lattice parameters, elastic
constants and bulk modulus, were compared to
the existing computational and experimental
results found in the literature. It was found
that the current data obtained by the authors
are in good agreement with the reported data.
The stress—strain data was found to be new
data for the knowledge base of the ceramics.
Here only the principal tensile data of the
Si4Ny phases are presented as a typical

representation of the calculated



stress—strain response: Fig.6.2. 1.

The data exhibits expected behaviour, and
provides a means for defining the maximum
theoretical strength for the single crystal
It clear that lattice

structures. is

‘softening’ is observed in the atomic

configurations investigated, however, it
should be noted that the size of the lattice
model is a limitation. Even though a change
in the lattice that indicates atomic failure
is observed, the process by which failure
would occur can not be characterized because
of the size of the primitive cell employed
in the calculation. Nevertheless, this is
only a limitation for defining the failure
process, and does not affect the estimate of
the maximum tensile stress. Inall cases, for
the complimentary SiAION structure similar

stress—strain data were obtained, where the

B
- p-
&0

Stress [GPa)
= 5

=

045 025

Strain

Fig.6.2.1.
strain response of the Si,N, phases.

The principal tensile stress—

The calculated electronic data exhibited
expected behaviour, with a novel result
found in the case of the strained structures.
It was found that the strained structures,
especially those of the SiAION phases,

exhibited a decrease in the calculated band

. . gap, between the valence and conduction
typical maximum stress response was found to
bands.
be lower.
| no strain ----- 0.03 0.12
by, : H
\
;W_ i
A S
: . L
¢ *“
7 , :
J g §
,/ /: ‘lx
T T SR S S
-20 -15 -10 -5 0 5 10 15 20
Energy (eV)
Fig.6.2.2. The Density of States of the B-SiAlON crystal structure under applied strain.



This result has not been reported
previously and indicates that the electronic
properties of these phases can be controlled,
to a degree, by inducing structural change
using applied pressures: Fig.6.2.2. Clearly,
the data presented in figure 2 exhibits an
almost zero band gap for an applied strain
of approximately 0.19. The analysis of this
data and the implications for the variation
of properties expected in the other phases

is of ongoing work.

6.2.4. Conclusion

The main aim of this project was to
calculate the material properties, such as
the lattice parameters, elastic constants,
bulk modulus, hardness, density of states,
for all the known
phases of the SigN, and SiAlON single crystal

band structure, etc.,

ceramics. The most up—to—date atomic level
computational methods were employed. It was
found that the known properties from other
works, theoretical and experimental, agreed
well with current computational results.

Furthermore, unknown mechanical behaviour

data was calculated to add to the knowledge

base of the ceramics. The data was

progressively published after peer review.
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