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Solution-reprecipitation continues during this stage, resulting in grain growth, grain
shape accommodation and final pore removal. The final porosity is usually less than
5%. The rigidity of the microstructural skeleton often inhibits the elimination of
porosity. Factors which can further inhibit this final densification are trapped gas
in the pores, decomposition of the sintered components, gross packing defects and
reaction products involving the atmosphere. The microstructural changes which
occur during this final stage of sintering are dictated by the volume fraction of liquid
and the size and shape of the grains, and this influences properties such as wear

resistance and strength (German (1985)).

During the sintering of Si;N,, gas is released during the decomposition of the
reaction products. This results in a complex dependence on the sintering time -
temperature combination due to simultaneous densification and decomposition. A
compromise has to be reached between densification and decomposition which

usually results in short sintering times being preferred.

2.3.3 Influence of other parameters on sintering

An increase in temperature during sintering promotes densification by decreasing the
viscosity of the liquid phase thus facilitating the rearrangement. The lower viscosity also
enhances the coarsening of the grains and reduces the aspect ratio thus reducing the
mechanical properties. The temperature can only be increased to ~ 1800°C when a high
nitrogen overpressure is not used. Above this temperature the Si;N, starts to dissociate

rapidly (Wétting and Ziegler (1986(a) and (c))).

The application of pressure during sintering, be it uniaxial mechanical pressure during hot
pressing or isostatic gas pressure during hot isostatic pressing, assists the rearrangement
process and the solution of «-Si;N,. This leads to improved densification rates, incr~-->d

nucleation rates and a finer-grained microstructure (German (1985), Greskovich (1976)).

The densification, microstructure and properties of the materials also depend on the type and

amount of additives used during processing. A large amount of additive usually resuits in
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high densities, but the liquid phase often forms a glassy intergranular phase which lowers the
high temperature properties. When reducing the additive concentration, the following
characteristics of the Si;N, powder become important for the best sintering results (Woétting
and Ziegler (1986(a) and (c))):

- High fineness for large surface area which results in high sintering activity.

- Equiaxed particles for optimum green density packing.

- High «-Si;N, content to favour the formation of the elongated interlocking B-Si;N,.

- Low O, content, but sufficiently high for liquid phase formation.

- Low carbon content to avoid reduction of the oxygen iayer on the powder at high
temperatures.

- Low impurity levels of elements such as Ca, Fe, Al, Mg and inclusions of WC for

good high temperature properties and homogeneous microstructure.
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2.4 ADDITIVES

Additives are used to promote sintering of Si;N, via a liquid phase (See section 2.3.2). Some
of the more commonly used additives are Y,0;, MgO, Ce,0,;, ZrO,, Al,0; and AIN.
Additives can be used singly, but are usually used in conjunction with one or more additives

to get the desired properties in the final material.

The additives react with the SiO, surface layer and the Si;N, in the Si;N, particle to form an
oxynitride liquid which allows liquid phase sintering to occur at high temperatures
(Hampshire (1984)). The temperature of the initial liquid formation varies with each
additive, and is lower than the lowest solidus temperature in the corresponding metal oxide-
silica system. This lowering of the eutectic temperature is due to the presence of nitrogen
in the system. For example MgO forms a liquid phase at 1390°C and Y,0; at 1450°C in the
Si;N, system compared to 1543°C and 1660°C respectively in the SiO, system. Additional
additives will lower this eutectic still further (Lange (1983(b))) and can also increase the
amount of liquid phase present (Hampshire (1984)).

Few phase diagrams are available for the nitride systems, and therefore other means must
be used to determine the effectiveness of novel additives. When comparing the standard free
energies of formation of successful additives such as Y,0;, it has been found that the
standard free energy of oxidation of the metal to metal oxide, AG; (Y - Y,05) and the metal
nitride to oxide, AG, (YN — Y,0;) were both less than the standard free energies of oxidation
of Si;N, to SiO, (AG,) and SiO (AG,). Figure 2.5 shows some of these values for a number
of metal oxides, some of which have been used successfully as additives in the silicon nitride
system (Negita (1985)).

The additives also influence the viscosity of the liquid phase. For example a Y,O; containing
liquid phase has a higher viscosity than a MgO cor" " 1ing liquid phase (Hampshire and
Pomeroy (1985), Hwang and Tein (1983)). This influences the solution-precipitation stage
of sintering and therefore the a-B phase transformation and densification are also affected.
The more viscous the liquid phase the faster the transformation appears to take place (Hwang

and Tein (1983)), but this can also result in lower densification (Hampshire and Jack (1983)).
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The influence of sintering temperature on strength is shown in Figure 2.12, where
the strength of four Si;N, materials, sintered at various temperatures is shown.
There is no definite trend in the results and the effect of sintering temperature is

highly dependent on the additive used.

If pressure is exerted during sintering, be it by hot pressing, hot isostatic pressing
or gas pressure sintering, it does generally improve mechanical properties such as
strength significantly compared to pressureless sintering, as can be seen in Table
2.1, but these processes require capital intensive equipment which results in high

cost of the final materials produced.
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Figure 2.12: Variation of strength with sintering temperature (Kobayashi and Wada (1988)).
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2.6 MICROSTRUCTURE
The various processing methods and conditions of both Si;N, powder and the sintered product
influence the final microstructure of the Si,N, material. Factors which have been the subjects

of numerous studies are:

. starting powders, both silicon and silicon nitride (Kleebe and Ziegler (1986),
Jennings et al (1988)).

. sintering temperature and heating rates (Mangels (1981), Mangels and Tennenhouse
(1981), Jennings et al (1988(b)).

® gas purity or gas mixtures used and pressure of gas during processing (Mangels
(1981)).

. additives used to facilitate sintering (Mangels and Tennenhouse (1981), Hampshire

and Pomeroy (1985)).

The two polymorphs of Si;N, have distinct microstructural characteristics. The a-Si;N, can
produce two distinct microconstituents, the a-phase needles and the a-phase matte, while the
B8-Si;N, usually also form needles. Each of these morphologies result from different
formation sequences which are influenced by the reaction conditions, but most processing
conditions lead to more than one of the above morphologies being present (Jennings and
Richman (1976)).

2.6.1 Reaction Bonded Si;N,

The dominant form of silicon nitride present in RBSN is a-Si;N,, since reaction temperatures
are usually below the transformation temperature. The a-needles are very common, and
occur in most RBSN materials, but they are particularly numerous in materials produced
from less pure silicon powder when the reaction temperature is between 1350 and 1400°C.
These needles have a high aspect ratio (length to width) of around 25 (Jennings et al
(1976(b))). These needles have often t | found to have ‘obu' features at one of the

ends. These globular features have been found to be rich in iron (Russel et al (1985)).

The o-matte is the other a-phase morphology in RBSN and is a fine grained structure that

is favoured by fine, pure silicon starting powder, slow heating rates, and reaction
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temperatures below 1400°C with no gas flow (Jennings et al (1976(b))). The a-morphology
is usually the predominant phase present and the grains are essentially submicron, 0.5 -

1 pm.

The B-phase formation in RBSN is favoured by the use of less pure, coarser silicon powder,
which is heated rapidly in a flowing nitrogen atmosphere to high temperatures above 1450°C,
and it therefore forms predominantly out of liquid silicon (Jennings et al (1976(b))and Riley
(1977)). It has also been reported that 8-Si;N, forms preferentially when silicon reacts with
active or atomic nitrogen, while a-Si;N, forms when N, is present in the molecular form
(Jennings et al (1988(b)).

A relationship between the «/f ratio and the pore size was reported by Danforth et al (1979).
As the a-content increased, the largest pore size in the product decreased, and for a constant
a/B ratio, the largest pore size was dependant on the original particle size of the silicon
powder, the coarse powder producing the larger pores. Another factor influencing the pore
structure of the RBSN is the purity of the starting powder. When high levels of metallic
impurities are present, larger pores are present after nitriding compared to high purity

powder materials (Kleebe and Ziegler (1988)).

The effect of the gas composition on the final microstructure of the RBSN is also significant.
When no change occurs in the composition of the gas during the reaction process, a wide
distribution of pores is observed with pores of up to 30 um in diameter. When these gas
compositions are varied, ie increasing H, or He content as the reaction takes place to a final
composition of ~25% H, or ~50% He, the structures are more uniform and the pore size
is reduced to less than 20 um. This in turn improves the mechanical properties of the
material. When argon is introduced to the N, gas, the pores are larger and there is evidence
of ur (cted silicon (Mangels (1981(a))).

RBSN generally consist of a high a-content (75-85 %) with the balance being 8-Si;N, and
interg u'~-- phase, if additives have been used. RBSN has been reported to be

predominantly submicron «-Si;N,, with some larger 8-Si;N, grains, 1-5 um (Mangels and
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Tennenhouse (1980)). Using a rate-controlled, self regulating sintering technique the

microstructural uniformity and pore size and distribution can be further improved (Mangles

(1981(a))).

When additives are introduced to the RBSN and further heat treatments are carried out, the
predominantly «-Si;N, material undergoes transformation and densification takes place. This
results in major changes in the microstructure. These resulting microstructures depend on
the temperature used during sintering and the amount and composition of the additives used,
however, in all cases the post-sintered RBSN materials have shown that apart from
transformation from a to B-Si;N,, the grains grew to greater than the original submicron size

after sintering.

Using MgO as a sintering aid at low concentrations of approximately 3wt% has resulted in
microstructures similar to those obtained for hot pressed Si;N, with the same additives,
namely elongated 8-Si;N, grains of up to 5 um in length (Mangels and Tennenhouse (1980),
Mangels (1981(b))).

Y,0; additions require higher temperatures than MgO for sintering to take place. The B-
Si;N4 grains can vary in size and shape but they are generally needle-like between 0.5 and
5 pm in length with larger grains being found around pores (Mangels (1981(b)), Bradley and
Karasek (1987)). At higher temperatures, above 1850°C, exaggerated grain growth can take
place and needle-like grains of 15-20 um, having definite hexagonal shape have been
observed. At lower Y,0; concentrations less densification occurs due to less liquid phase
being available to ~ ‘:ilitate the densification, and the sintering results in lower density, but
larger grained material (Mangels and Tennenhouse (1981(b))). The addition of Al,O, to the
Y,0; improves the density and results in an intergranular phase which develops at lower

temperature.

2.6.2 Sintered Si;N,
The microstructures which develop in pressureless sintered Si;N,, when Si;N, powders are

used in conjunction with additives as the starting material, are ultimately determined by the
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phases present in the starting powder, particularly the polymorph of Si;N, which forms the

major phase.

It has been found that when an «-Si;N, starting powder is used, the resulting microstructure
after sintering has fibrous needle-like B-grains, while a higher 8-content in the starting
powder results in equiaxed grains being formed (Lange (1980)). The fibrous structure
produced from high a-content starting powders have been found to be advantageous for
higher toughness properties.

As with the sintering of RBSN materials, the various sintering additives have an influence
on the resulting microstructure, often with very similar results, for example MgO enhances

densification, while Y,0, enhances transformation from « to § (Hampshire (1984)).

The effect of the MgO content in the presence of Y,0, has been studied extensively. It can
be concluded that the small amounts of MgO, not only assists densification, but also enhances
the elongated growth of the resulting 8-Si;N, grains, resulting in higher aspect ratios. It is
proposed that the aspect ratio of the grains does not only depend on the amount of liquid
phase present, but also on the viscosity of the liquid phase (Hampshire (1984)). This was
confirmed when studies of Y,0,-MgO doped Si;N, showed that as the viscosity of the liquid
phase increased and volume decreased, the growth of the 8-Si;N, grains occurred mainly
along the crystallographic c-axis to reduce the surface energy to volume ratio (Hampshire and
Pomeroy (1985)). In low viscosity liquids, the grains are able to grow in all directions.
Similar observations have been made in systems using Y,0,-Al,0, sintering aids (Wotting
and Ziegler (1984)).

When using Y,0;-Al,0, additives, a wide range of microstructures have been observed,
ranging from fairly equiaxed fine (<2 um) grains to larger (>2 um) occasionally elongated
grains, depending on the amount of additives and their respective ratios, and the processing
conditions (Tajima et al (1988)). After sintering the additives are found in thin layers
between the grains (grain boundaries) and in pockets where more than two grains come
together (Bonnel (1989)).
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In order to improve the mechanical properties of the Si;N, materials (pressureless sintered
or post sintered RBSN) the low melting point glassy grain boundary phases have to be
minimized. This is often achieved by subsequent heat treatments after the sintering process
during which the grain boundary phases are recrystallized (Tsuge et al (1975), Komeya et
al (1990)).

Yttria has little or no solubility in Si;N, and therefore most of the Y,0O; used as additive is
found in the grain boundary phases, be they crystalline or glassy (Bradley and
Karasek(1987)). The grain boundaries in both sintered Si;N, and post sintered RBSN have
been generally found to be associated with Y-Si-O-N and Y-Si-O phases which can vary in
composition according to the factors mentioned at the beginnir of this section (Bradley and
Karasek(1987), Lee and Hilmas (1989)). If other additives are used in conjunction with the
Y,0;,, such as Al,O,, the Al can also be present in these silicates. Al is not, however, usually
found in the crystalline grain boundary areas, but in the remaining amorphous phases and in
solid solution with Si;N, (Cinibulk et al (1990)).
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3.  Experimental Procedures

3.1 MATE™"*L PROCESSING

3.1.1 Reaction Bonded Silicon Nitride

An outline of the steps used in the production of reaction bonded silicon nitride (RBSN)

materials during this study is shown in Figure 3.1.

3.1.1.1 Powder Processing
The CU600 grade silicon used for the production of reaction bonded Si;N, was
obtained locally from Elkem. The silicon was milled down to a mean particle size
(dsp) of ~10 um by crushing and ball milling. It was then milled further in an
attrition mill for 2'%2 hours together with additives (Y,0; and Al,O;), ZrO, milling
media and iso-propanol. Iso-propanol was used to prevent the oxidation of the silicon.
After attrition milling a particle size distribution analysis was carried out and it was
found to have reduced the dsyto 3 um. 4wt% polyethylene glycol binder was added
to the slurry at the end of the milling cycle, and mixed in thoroughly. After milling
the powder was oven dried at 75°C overnight and then sieved through a 125 um
sieve. The composition of the powder used is shown in Table 3.1. Assuming full
conversion of the silicon to Si;N,, the Y,0; and Al,O, contents in the final product

would be 8wt% and 2wt% respectively, resulting in a total of 10wt% additive.

Table 3.1: Composition of Powders used for RBSN matenals .
Composition - wt% ZrO, Milling | Iso-propanol Polyethylene
Media glycol

Si Y,0, | ALO,

86 11 3 660g/100g 83ml/100g 4wt %
powder powder

3.1.1.2 Formation Methods
Samples were produced from the powders by uniaxial pressing in dies to form small
10mm diameter discs or SOmmx8mm bars of ~6mm thick for further evaluation.
The pressure used during uniaxial pressing of RBSN was SMPa on both these forms.
The samples were then vacuum sealed in plastic bags and cold isostatically pressed

(CIPped). The pressure was varied during the CIPping process in order to determine









3. Experimental Procedures 49

3.1.1.3 Heat Trearments
The polyethylene glycol was removed from the Si compacts prior to the reaction
bonding of Si and N,. The binder removal was carried out at 500°C in air for
1 hour. A vacuum or inert gas would have resulted in residual carbon being present
in the compact, and this would then react with the silicon to form SiC. No oxidation

of the Si was observed and the mass loss ranged between 3.1 and 3.6%.

The following argon sintering heating schedule was used:

Room Temperature - 1175°C 235°Ch’!
1175°C soak 5 hours
1175 - Room Temperature 250°Ch’!

During one of the argon sintering cycles oxygen was introduced and the results were

compared with materials where this was not done.

The argon sintered silicon compacts from both the pure argon sintering and the argon-
oxygen sintering cycles were nitrided. The nitriding schedules had very slow heating
rates in the reaction regions due to the exothermic nature of the reaction. The
following schedules (with the heating rate being slowed down twice before reaching

the final maximum temperature) were effective in reaction bonding Si and N,:

1 Room Temp - 950°C 240°Ch’!
950 - 1350°C 20°Ch*
1350 - 1450°C 5°Ch’

1450°C - Room Temp 240°Ch!

2 Room Temp - 950°C 240°Ch!
950 - 1350°C 20°Ch?!
1350 - 1380°C 5°Cht!
1380°C soak 8h

1380°C - Room Temp Fumace cool
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The 2 step heating schedule is described by Riley (1977). The nitriding was carried
out in a furnace that was constructed at the Division of Materials Science and

Technology, CSIR, Pretoria.

3.1.2 Post Sintered Reaction Bonded Si;N,

An overview of the post sintered reaction bonded Si;N, process is shown in Figure 3.3. The
powder processing, formation methods, argon sintering and nitriding cycles were the same
as for the reaction bonded silicon nitride. Therefore the effect of the presence of oxygen
during argon sintering, and the effect of nitriding temperature on the final post-sintered

product were studied.

3.1.2.1 Heat Treatments
The nitrided products were post sintered in a Centorr furnace using three cycles

shown below with either pure argon or pure nitrogen atmospheres.

1. Argon atmosphere
Room temperature - 1800°C 350°Ch*!
1800°C soak lh
1800°C - Room Temperature 350°Ch*
2. Nitrogen Atmosphere
Room temperature - 1750°C 350°Ch™!
1750°C soak l1h
1750°C - Room Temperature 350°Ch!
3. Nitrogen Atmosphere
Room temperature - 1800°C 350°Ch*
1800°C s¢ - lh

1800°C - Room Temperature 350°Ch*
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Post Sintered Reaction Bonded
Silicon Nitride

Standard silicon powder processing _]

!

Uniaxial pressing at 5SMPa and
cold isostatic pressing at 160MPa

L

Binder bumout at 500°C

v

Argon sintering at 1175°C | .- - - -Oxygen added to argon gas

-- Oxygen omitted from argon gas
A 4
Nitriding |- - - - - - - - - - 1380°C with 8 hour soak
--1450°C with no soak
A 4
Post sintering of t - - ~- - - - Atmosphere of argon or nitrogen
nitrided silicon - - - - Temperature at 1800°C or 1750°C
Material properties | - - - - - - X-ray diffraction
analysis .- - - - Hardness and toughness
.- - - - Flexural strength
.~ - - - Microstructural analysis
- - - ~Density

Figure 3.3: Flow diagram of the processing of post sintered reaction bonded silicon nitride.
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Sintered Silicon Nitride

[ Siicon nitride powder |
T
1 ;
vimdide + Altrition milled silicon nitride ___ Varied time from 0.5
yttria + alumina for 6 hours ytiria and alumina powder to § hours
L 2
| Drying of slumy | - - - - . - -- Microwave drying
Oven drying
A 4
|iiemr>3\_~_dev -125m |
icle size s
A 4
| Uniaxdal pressing at 2MPa |
w
[ Cold isostatic pressing | - - - . - - - . - Varied pressure
lSlnltmug} -------------- Vary temperature - 1700°C
. or 1800°C
". - - Vary heating rate from
100°C/h to 600°C/h
v
Materials properties [ - - - - - - -:- - = X+ay diffraction
analysis - - - Hardness and toughness
- - - Flesasral strength
«+ - - Microstructural analysis
‘- - - Density

Figure 3.4: A flow diagram of showing the processing of sintered silicon nitride materials.
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to fracture, and therefore the Vickers indentation crack method was chosen. This can
be determined simultaneously with the hardness. An added advantage is that there

are no restrictions on the size of the specimen used for the test.

This method of toughness determination has been studied by numerous researchers,
and a number of empirical equations are used by various workers. The following

equation determined by Anstis et al (1981) was selected:

Anstisetal K, = 0.023 E** P a5 (c/a)'?

The same indentations were used for both the fracture toughness and hardness
determinations, and a load of 15.625kg was used. A minimum of 5 indentations were
made per test piece. The crack lengths were measured together with the hardness
indentations on a metallurgical optical microscope. An average Young’s Modulus of
210GPa was used for RBSN and 260GPa for sintered Si;N,. The equation used by
Anstis et al (1981) has been recommended by Paterson and Stevens (1986) and
appears to give the most conservative fracture toughness values compared to other

proposed equations.

3.2.3 Microstructural Analysis
Optical microscopy was carried out on a reflecting metallurgical microscope. The samples
studied were polished with a final polish using 1 um diamond paste. The magnification was

calibrated using a 1mm graticule with 10 um divisions.

SEM studies were carried out on fracture surfaces, polished surfaces and etched surfaces.
The samples were usually coated with gold which was found to produce better images. This
coating 1s necessary to prevent the insulating ceramic surface from charging while under
investigation. For analytical work, the samples were carbon sputter coated, since this coating

cannot be detected by an EDS system fitted with a beryllium window.
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For good resolution at higher magnifications a working distance of between 10 and 15mm
was used. An accelerating voltage of 25kV was also found to be necessary for good
resolution images. An ISO-SX30-E SEM was used which was fitted with an Link EDS

system with a beryllium window.

Transmission electron microscopy studies were undertaken to examine the microstructures
of the sintered Si;N, in more detail. Studies were undertaken on a Phillips 420 analytical
TEM/STEM. The samples were prepared from 120 um thick slices from which 3mm
diameter discs were ultrasonically cut. The discs were dimple ground and polished to a
thickness of ~ 10um in the centre of the sample. In the final stage of preparation, argon ion
beam thinning of the sample was carried out until a small hole had been made through the
specimen providing a reasonable area of thin section. The samples were then carbon coated

to prevent charging of the sample under examination.

3.2.4 Etching of Silicon Nitride
Polished surfaces of Si;N, were etched using molten KOH at a temperature of ~350°C. The
samples were etched for 10 to 15 minutes after which they were thoroughly washed in

distilled water before being examined in the SEM.
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4. Results
4.1 INTRODUCTION

The results presented in this chapter emphasise the two processing routes, namely the
production of reaction bonded silicon nitride (RBSN) and post sintered RBSN from silicon
powder, and the production of sintered silicon nitride from Si;N, powder. The effects of
processing techniques and parameters will be presented first with the resulting physical
properties and phase analyses. The mechanical properties and microstructures will then be
discussed.

4.2 REACTION BONDED SILICON NITRIDE
The attrition milling of the silicon powder reduced the mean particle size from ~ 10 um to
~3 um. All particles were below 10 um after milling compared to ~50 um prior to

milling.

4.2.1 Argon Sintering

4.2.1.1 Effect of Oxygen during Argon Sintering
The presence of oxygen in the reaction chamber during the argon sintering stage
resulted in a 1 to 5% mass increase after this initial step, associated with the partial
oxidation of the Si. It was also observed that the densities increased by 5-10% and

the volume decreased by 2-6%.

During the subsequent cycles the introduction of O, into the reaction chamber during
the argon sintering stage was omitted. It was found that the silicon compacts
increased in density by almost 2% after argon sintering (conventional in Table 4.1).
This was accompanied by a decrease in volume (~3%) and a decrease in mass of
~1%.

Further experiments were performed on the silicon compacts using a closed crucible
and a static argon atmosphere rather than a flowing atmosphere. This reduced the

mass loss after argon sintering to less than 1%, Table 4.1 - (closed conventional).
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Materials produced without Ar sintering showed a lower mass gain than those which were

Ar sintered, but the densities were slightly higher (Table 4.1).

4.2.3 Effect of Pressing

The effect of pressing on the final nitrided product was investigated. Nitriding the compacts
which had been CIPped at various pressures resulted in mass increases between 55 and 58%,
which is equivalent to 91 to 97% nitridation, Figure 4.1 (Messier and Croft (1982)). It was
found that the optimum CIP pressure for compaction (Figure 3.1) and nitridation almost

coincided and therefore 160MPa was used for all further studies.

Mass Increase after Nitriding
vs CIP Pressure

59

w
~

Percentage Mass Increase
w wn
wn o

N

|
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80 100 120 140 160 180 200 220 240
CIP Pressure — MPg

Figure 4.1: Effect of CIPped pressure on mass increase after nitriding.
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