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Abstract
Hot isostatic pressing (HIP) is one of the industrial techniques for production
of structural ceramics. A high quality of the as-HIPed surface is highly
desirable, as it may make it possible to mmirnise or eliminate costly finishing
machining.
When a porous ceramic is HIPed, an encapsulation of glass can be applied on
the component as a gas tight envelope. Silicon nitride ceramics work well with
a borosilicate encapsulation glass but oxides, such as alumina and zirconia,
react severely. A protective barrier between the oxides and the borosilicate
glass has been developed earlier. With such a system of protective layers it was
possible to demonstrate HIP of some oxides, with good mechanical as well as
biocompatibility properties as a result. However, there is a difference between
the bulk and the surface properties of these materials.
A model system of silicon nitride and borosilicate glass was chosen for a more
thorough study on interactions between the encapsulation glass and the porous
ceramic green body during HIPing. Mechanical, chemical and compositional
gradients from the surface of the ceramic into the bulk were studied.
Theoretical calculations on chemical reactions in the system Si^N* - Si0 B 0 were done accompanied by practical experiments. Special attention has
been given the part of the HIP-cycle when the pressure is applied and the glass
is pushed against the still porous ceramic component. Possible viscousflowof
the glass into the ceramic was analysed. TEM-studies of the densified silicon
nitride revealed two different types of hexagonal boron nitride formed in the
surface region and their role in the encapsulation is discussed.
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The increased knowledge can be used in work for improved surface quality and
for development of intermediate protective layers.
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INTRODUCTION

General background
Ceramic materials have been used for thousands of years. Still a definition of
the term ceramics remains to be found. In general it can be said that most
inorganic and non-metallic materials belong to the ceramic group. (Kingery et
al 1976). Another criteria often added is the need of high temperature (+ 500
°C) during production. Figure 1 gives one classification. The ceramics
considered in the present work belong to a group loosely termed 'advanced
ceramics'. They are non-clay based and the class includes mainly nitrides,
carbides, borides and oxides. Advanced, structural ceramics are generally used
for their high mechanical strength, especially in compression, in combination
with good corrosion and erosion resistance and the ability to withstand high
temperatures.

Conventional
ceramics
mainly clay-based
e.g. whiteware,
bricks, tiles

Concrete
Glass,
glass ceramics and other

Advanced
ceramics
mainly nitrides,
carbides, borides,
oxides

structural ceramics
used for
- mechanical
- chemical
- thermo
properties

materials,
cement based
or other
binder

functional ceramics
used for mainly
- electrical
- magnetic
- optical
properties

Figure 1. A classification of ceramic materials
The raw materials for making advanced ceramic components are usually fine
grained powder. The powder is processed to desired form and then sintered to
develop strength. The driving force for densification or sintering is the decrease
in total particle surface area, the grain boundary energy generally being less
than the surface energy. Other things equal, the driving force increases with
decreasing particle size. In figure 2 is shown a schematic illustration of
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sintering, after Cailister (1994). Necks form along the contact points between
grains and grain boundaries form within the necks. As the sintering proceeds
the pores becomes smaller and more spherically shaped.

a)

b)

c)

Figure 2. A schematic illustration of microstructural changes during sintering
(after Callister 1994). a) powder particles after forming; b) particle
coalescence and pore formation as sintering begins; c) as sintering proceeds,
the pores change size and shape.
Broadly there are three methods with various modifications used for bulk
component production; conventional sintering with no applied pressure, hot
pressing (HP) and hot isostatic pressing (HIP). The oldest method is
conventional sintering. The pre-formed component is placed in a furnace and
heated in air or protective gases at or near atmospheric pressure or vacuum.
The other two methods employ an apphed pressure during sintering. This
makes it possible to sinter at lower temperatures and / or to increase the
densification giving less or virtually no porosity. In the hot pressing technique
the powder or pre-pressed component is heated and a uniaxial pressure is
apphed, the component being contained in a closed die, usually of graphite
(Figure 3). The method is most suitable for components with a simple geometry
with a low height to width ratio. The third method, hot isostatic pressing can be
used for components with complicated forms. The ceramic body is put in a
furnace inside a pressure vessel and is heated while at the same time an
isostatic pressure is apphed (Figure 4). The pressure is applied by compression
of a gas and the furnace in usually resistant heated. For components with high
levels of porosity a gas tight, pressure transmitting barrier has to be placed
around the component in order to prevent the gas from filling the open pores.
At the high temperatures necessary for ceramic densification a glass is suitable
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as the encapsulating isolation barrier. For consolidation at lower temperatures
eg for metal sintering, metal encapsulation is convenient. In this thesis the HIP
technique for ceramics is in focus and thus is discussed in more detail below.
Waier-cooM

Figure 3. A schematic illustration of hot
pressing. (Ezis et al, 1991)

Figure 4. A schematic illustration
of hot isostatic pressing. (Courtesy
of Asea Brown Boveri)

Hot isostatic pressing
There are several different ways to classify hot isostatic pressing. Two main
categories are 'direct HIP' and 'post-HIP', depending on how the gas needs to
be prevented from entering the voids of the powder body (Larker and Larker,
1996). Direct HIP is used with encapsulation and post-HIP is used without.
To be able to dispense with encapsulation in the post-HIP process the
component has to be free of open pores. As a rule of thumb the component
should have above 90 % of theoretical density before the communicating pores
are closed. This can be achieved by pre-sintering. Alternative terms for postHIP are cladless-HIP, sinter-HIP or sinter plus HIP (Larker 1994). With this
method the shape of the component is determined by the shape of the presintered green body (Figure 5).
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Direct HIP

Post-HIP

With encapsulation

Without encapsulation

* pre-shaped containers
or
* shape determined by
green body

* shape determined by
pre-sintered green body

Figure 5. Direct HIP and post-HIP
If the component has open porosity, a gas tight pressure transmitting
encapsulation is essential to create isostatic pressure on the pores. Metal or
glass are common encapsulation materials. Welded sheet metal containers are
most frequently used for lower temperatures. For ceramic materials the
encapsulation normally consists of glass since the densification temperature is
usually too high for the metals. The following terms have the same meaning as
direct HIP: encapsulated HIP, glass encapsulated HIP, glass HIP, capsulate
HIP or container HIP (Larker 1994). With direct HIP, the shape of the
component can be achieved using one of two routes. The first is to use a preshaped container in which to pack the ceramic powder. The inner surface of the
container determines the shape, hi the second the shape of the component is
determined by the pre-formed shape of the green body (Figure 5).
A classification of the HIP process can also be made with the respect of the
atmosphere used e g inert or oxygen HIP. With a protective atmosphere of an
inert gas, usually argon or nitrogen, a slightly reducing atmosphere is created
due to the resistance heated graphite or molybdenum elements. Temperatures in
excess of 2000 °C can be utihsed. Oxygen HIP, sometimes termed 'white
HIPing', has been developed for oxides. Claussen et al (1988) describes a
fumace with platinum/rhodium heating element which can be used to a
temperature of 1400 °C with up to 20 % oxygen in argon .
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Glass encapsulation
In a patent, Havel (1968) gives a general description of isostatic pressing of
powder in a glass container with simultaneous heating, the final form being
determined by the inner shape of the container. He mentions different glass
types appropriate for containers in different working temperature ranges, in
increasing order, lead-alkali-silicate, borosilicate, alumimum silicate, Vycor®
and fused silica. A viscosity criteria of less than 10^ p at the pressure
apphcation temperature is given.
A glass encapsulation technique for HIP production of pre-formed silicon
nitride, was patented by Adlerbom et al (1974), using a high silica glass
container, e g Vycor®. An important difference between this technique and the
above packed powder method is that the shape of the green body determines
the shape of the subsequent component. Thus, it is essential that the
encapsulation is 'soft' and does not distort the shape of the green body. A soft
glass gives a minimum of shear stresses on the surface of the component.
However, neither should the glass degrade the component by chemical
reactions or by deep penetration. Silica rich glass, quartz glass ( i.e. pure
silica) as well as borosilicate glasses of different compositions have been used
successfully with this technique. Glass with high silica content has a relatively
high viscosity at high temperature which is preferred, but it also is a very
'short' glass, that is the viscosity changes rapidly with temperature. The
practical result is that the temperature interval for workable glass is very
limited. This working temperature is also relatively high which is a
disadvantage when making the containers or when tapering on evacuation tube
to facilitate sealing after evacuation. Borosilicate glasses have the advantage of
being easier to work with but their viscosity is lower. An early observation was
that the lower viscosity Vycor® glass, which contains some boron oxide
showed less adherence to silicon nitride bodies than the higher viscosity quartz
glass.
There are different techniques for encapsulation of pre-formed green bodies.
An oversize glass container can be formed in different shapes, the simplest one
being a tube (Figure 6). After charging of the ceramic body evacuation at
elevated temperature takes place and the tube is sealed. Another technique
employs glass apphed in powder form and is the most common in industrial
use. This permits components with more complicated shapes than the oversize
container method. The powder is apphed as a single or multi-layer on the
ceramic pre-form or the pre-form is put into a powder bed of the glass (Figure
7) (after Isaksson and Larker 1971 and Adlerbom et al 1978). With glass

5

powder the charge has to be heated to a temperature at which the glass sinters
and becomes gas tight before the gas pressure is apphed.

Figure 6. Glass encapsulation, tube (Courtesy AC Cerama AB). Left:
Evacuated and sealed container ready for HIP. Middle: Container half way
through the HIP cycle and subsequent pressurisation. Right: Fully dense part

Figure 7. Glass particles encapsulation (After Isaksson and Larker (1971) and
Adlerbom et al (1978)). Top: Single/multiple layer technique. Bottom: Open
vessel as glass container.
If the contact between the encapsulation glass and the ceramic material in some
way causes deterioration of the component, e g by chemical reactions or
intrusion of glass, precautions have to be taken. One way to protect the preformed green body is to first embed or coat it in boron nitride powder (e g
Boehmer and Heinrich (1980) and Takemura et al (1988)). An additional
protection can be created by wrapping the boron nitride treated component in a
molybdenum foil before glass encapsulation, e.g. Shimada et al (1984). Other
separation layers have also been developed to hinder glass penetration and
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possible chemical reactions, e.g. by Adlerbom et al (1987-1) and Hermansson
and Tjernlund (1987). Such protective layers often contain boron nitride.
Hot isostatic pressing of silicon nitride

Conventional, low pressure sintering of silicon nitride is normally performed
with the component in a powder bed containing silicon nitride. This is done to
hinder or suppress decomposition of the nitride which otherwise is measurable
already at 1300 °C in argon. With encapsulated hot isostatic pressing a closed
system is created and this together with the apphed pressure and the lower
maximum temperature limits weight losses significantly. The lower
temperature also reduces the grain growth which gives potential for higher
strength. To achieve adequate densification of silicon nitride, sintering aids
which produce a hquid phase below the sintering temperature have to be used.
The sintering aids often remain in the microstructure as a glassy grain
boundary phase with a negative influence on the high temperature properties.
However, using HIP, less sintering aids are required and consequently silicon
nitride materials which can be used at higher temperatures can be produced.
Moreover, there are reports of silicon nitride HIPed without any sintering aids
at all. Tanaka and Pezzotti (1991) obtained excellent long term strength up to
1400 °C; more than 240 hours life time under a static load of 300 MPa was
measured. Adlerbom et al (1987-2) also reports on fully dense silicon nitride
without any sintering aids added. The high purity raw material contained 1 %
oxygen and was densified at 1950 °C with a pressure of 250 MPa for two
hours. The development of a microstructure containing more elongated grains
has been less successful with the HIP-technique compared to ordinary
sintering. However, using gas-pressure sintering, GPS, which can be seen as a
form of post-HIP with lirnited pressure (around 1 - 3 0 MPa) in-situ
reinforcement with elongated grains in a matrix of fine grains have been
reported (Hirosaki et al (1993), Lee et al (1997)). Thefracturetoughness of
these materials is usually superior compared to that of materials with a
microstructure of more equiaxed grains (Becher et al (1994)).
Compared to hot pressing the great advantage of HIP is the ability to produce
components with complicated shapes, and this is true also for silicon nitride
components. With gas pressure acting isostatically on a well defined, uniformly
porous green body during the entire shrinkage, a high potential for shape
consistency is obtained, Lucek (1990). Hermansson et al (1986) reports about
density measurements on 25 silicon nitride bearing balls, diameter 12.7 mm.
The standard deviation was only 0.04 % or 0.0013 g / cnA Larker and
Karlsson (1993) have pubhshed statistics for the production of curved textile
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thread guides; nominally 59.7 mm in length they exhibited a standard deviation
of only 0.07 % in a batch of 768 parts. Such shrinkage control and shape
consistency provides a strong basis for production of net shape components.
Some general disadvantages of the HIP technique are the relatively expensive
equipment and the additional processing steps of encapsulation and
decapsulation. However, iffinishingby machining, which can represent as
much as half of the total rnanutacraring costs, can be hmited or avoided, the
total cost may still be very competitive. Also to be kept in rnind is that in the
direct-HIP process no gaseous species can leave the component which in some
cases can be a drawback e.g. when water or graphite are entrapped. An extra
evacuation of the heated component may be apphed before the charge is sealed.
Hot isostatic pressing of aluminium oxide and zirconium dioxide

An advantage of HIP densification compared to ordinary sintering is the
possibility of using lower temperatures and thus limiting grain growth. A
material with smaller grains has a potentialforhigher strength since the lowest
size limit of strength limiting defects is generally related to the grain size. For
transformation toughened zirconia materials the ability to keep the grain size
low is also important from another point of view. The toughening effect in
partially stabilised zirconia which rehes on the presence of metastable particles,
is only possible if the particle size is below some critical value. For a material
stabilised with 3 m/o yttria a typical value is 1 microns (Lange, 1982).
Composite materials containing zirconia and alumina have been post-HIPed
and show an excellent mechanical properties at room temperature as well as at
high temperature. A material containing 80 % zirconia (with 3 m/o yttria) and
20 % alumina had a strength of 2400 MPa in three point bending with a
fracture toughness of 17 MPa mY (Tsukuma et al 1985-1). A strength of 1000
MPa was obtained at 1000 °C with a composite of 60 % zirconia (2 m/o yttria)
and 40 % alumina (Tsukuma et al 1985-2). Properties such as these promised a
broad use of toughened zirconia as a structural material. This optimism was
moderated by the discovery of severe low temperature (at about 250 °C)
degeneration of zirconia (Masaki and Kobayashi, 1981). Still there is not a
general agreement on the mechanisms for this degradation which seems to be
assisted by water present. One proposed mechanism is stress corrosion with
water - zirconia reaction in a simihar way as for stress corrosion of silica (Sato
and Shimada 1985). Another explanation is given by Lange et al (1986)
æntaining dissolution of yttriumfromthe surface into water forrning Y(OH)3,
with a destabilised zirconia as a result.
2

8

The ability to produce large components of highly pure alumina with the HIP
technique has been demonstrated. In a spent nuclear fuel containment program
containers of alumina with a length of 2.5 m and a diameter of 0.5 m were
HIPed to full density with mild steel encapsulation (Larker 1980).
When oxides are HIPed in a resistance heated fumace the colour is usually
greyish. If the material is appropriately re-heated in an oxidising atmosphere
the grey colour disappears. During high temperature air of hot pressed MgO,
CaO and AI2O3 bloating has been reported by (Rice 1980). Also for HIPed
zirconia bloating during heat treatment has been found (Hogg et al, 1986). The
bloating has been explained by oxidation of carbon impurities (Bennison and
Harmor, 1983). The phenomenon causes deterioration of the mechanical
properties of the materials. These results suggest that the colour change during
HIPing could be caused by oxygen deficiency and / or carbon contamination.
When using an oxidising HIP atmosphere (argon + 2 m/o oxygen), no
reduction in density or strength occured during subsequent air annealing,
(Masaki et al 1986). Claussen et al (1988) report results for zirconia material
densified in post-HIP under oxidising conditions. The heating element were
platinum / rhodium and the oxygen content of the argon up to 20 %. Good
mechanical properties were obtained without any bloating during subsequent
air annealing. Kitamura et al (1992) used oxide crucibles and / or oxide powder
embedding of alumina as ccnvection-preventive measures and potential oxygen
buffers. The specimens remained hght in colour after HIPing and did not show
any significant change in strength after ageing at 1000°C for 1000 hours.
Most of the oxide ceramic materials produced by HIP have been post-HTPed,
i.e. first pre-sintered to closed porosity. If direct HIP with a silica containing
encapsulation glass is used for the oxides, reactions between encapsulation and
ceramic takes place. Especially with alumina the reaction is severe and the
material is more or less destroyed. When glass encapsulation is used a
protective layer has to be applied on the ceramic to prevent direct contact with
the glass. Boron nitride has been used in different ways (see above).
Hermansson and Tjernlund (1987) developed a relatively thin protective layer
containing mullite. In contrast to a powder bed of BN a protective layer retains
versatility and consistency of shape offered by glass encapsulation.
Production of ceramics with glass encapsulated HIP
The largest volume of ceramic product manufactured today, using glass
encapsulated HIP, is balls for bearings. A route for industrial production of
ceramic components with a complicated form can be described as follows and
illustrated in Figure 8.
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Powder preparation
Afirststep is usually a mixing and milling of different powders due to the need
of sintering additives. The slow diffusion of e.g. silicon nitride even at high
temperature necessitates the addition of small amounts of oxides to created an
eutectic with sufficiently low temperature to facilitate liquid phase sintering.
The grain size is highly important since as explained above the driving force
for densification is the decrease in surface energy. For structural ceramics a
grain size of less than 1 micron is suitable. This corresponds to BET surfaces
in the range of 8 - 10 m^ / g and above. It is important that the mixing of the
different powders is thorough in order to achieve a homogeneous
microstructure. Wet ball milling for long times is a frequently used method for
blending.
Pre-forrning of component (green body)
Different forming methods can be used for pre-forming the ceramic. Here, an
important variable is the powder particle distribution in the component. It
should be homogeneous and reproducible. A well-defined shape of the pre-form
is also desired. Common methods for producing complicated shapes will be
described here. A comprehensive description of various techniques can be
found in textbooks (e g Terpstra et al (1995) and Pugh and Bergström (1994)).
One route is injection moulding. First a polymer or a blend of polymers are
mixed with the ceramic powder. This is done at a temperature where the
polymers are melted. The ceramic/polymer mix is injection moulded into an
appropriately designed mould. After removalfromthe mould and cooling, the
organic components of the mixture are thoroughly burnt off in vacuum. Since
the cost of injection moulding tools is usually high, the method is most suitable
for large series. High shape precision and excellent reproducibility can be
obtained at a low cost per piece in high volume production.
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Figure 8. Process for the manufacture of advanced ceramics (Courtesy AC
Cerama AB).
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An alternative method to create a pre-formed body that requires lower initial
cost is to use cold isostatic pressing at pressures in the range 50 - 300 MPa.
The pre-pressed body can then be machined to a more complicated shape.
Small components of simple shape may be suitable to form by die pressing, a
method of high production rate. Pressing aids may sometimes be added to
decrease internal fnction in the powder, the friction against the walls of the tool
and as binder to enhance the green strength of the pre-formed body.
Slip casting can be used for serial production of complicated forms. The
moulds are made of plaster of Paris, or, for components with closer tolerances,
a more wear resistance material with suitable pore structure is used. A waterbased or organic liquid-based slip of the ceramic powder is poured or pressed
into the porous mould. External pressure apphed to the shp or vacuum applied
to the mould can be used to speed up the process. A drying step follows and
process additives have to be burnt off in a controlled way.
Densification
After powder preparation and pre-forming the component is encapsulated in
glass. Glass powder techniques are the most commonly used. Before sealing of
the encapsulation any volatile species have to be removed by careful heating.
The temperature is increased until the glass has sintered and is gas tight and
then the pressure is applied. The temperature and pressure are increased until
desired densification conditions are reached. Usually there is a hold time before
decreasing temperature and pressure to ambient. The decapsulation and
removal of the glass can be achieved by mechanical or chemical methods.
Blasting or leaching are two frequently used techniques.
Scope of this investigation
HTP can be used for densification of ceramics with complicated shapes and has
a potential to produce dense material with advantageous properties. An
important consideration in such ceramic manufacmring process is the nature of
the surface of the product. The surface region of ceramics is of importance
since the outside is exposed to more severe conditions than the bulk both
mechanically and chemically. However, it is frequently found that the surface
exhibits inferior properties. An important factor is the machining of the
consohdated component. Not only are machining costs very high (machining is
often the most expensive processing step) but machining can damage the
surface leading to reduced strength. Net-shape or near net-shape production
with a nunimisation or elimination of machining, which can generally be
achieved by HIP, is a desirable goal. A high quality of the as-HIPed surfaces is
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required in such processes. Glass is the interesting encapsulation material for
net-shape production since it exercises low shear stresses on the surfaces and
so has little effect on the shape. However, harmful interactions between glass
and the underlying ceramic have to be understood and prevented.
When oxides such as alumina and zirconia are HIPed with a borosihcate glass
severe reactions take place. To be able to densify these oxides with glass
encapsulation HIP a protective barrier between glass and components has to be
applied. One common way to hinder glass contact is to embed the component in
BN. But in order to densify components with complex shape a more
sophisticated protection with intermediate layers has been developed
(Hermansson and Tjernlund 1987). The classical constituent, BN, is used
together with mullite and Vycor glass. Using this system of protective layers,
HIP densification of some oxides with borosihcate glass encapsulation was
studied. Here the bulk properties of the oxides were focused upon. Nonetheless
biocompatibility which is largely surface related was included in the
evaluation. Some visible gradients at the surraces were observed during the
project and a need for improved surfaces was seen.
Since it is possible to densify silicon nitride with borosilicate encapsulation
glass without any protective layers apphed and with little apparent interaction,
it was regarded as an interesting model system. It was decided to study the
borosihcate / silicon nitride system more thoroughly to gain an increased
knowledge of interactions between encapsulation glass and the porous ceramic
green body during HIPing. This has been the focus in the main part of this
thesis. In glass encapsulated HIP there is an intimate contact between the glass
and the ceramic body and chemical, mechanical or physical reactions may take
place. These reactions may in different ways influence the properties of the
densified ceramic, especially in the important surface region. The improved
knowledge can be implemented to improve the surface quality of for example
silicon nitride as well as in the development of intermediate layer systems for
other types of ceramic materials. The understanding of these phenomena is also
of importance when matching encapsulation glass and different ceramic
materials.
More specifically the following items are treated in this work:
Glass encapsulated HIP of oxides
- densification tests
- characterisation of the densified oxides
Study of the system borosilicate glass / silicon nitride regarding
- property gradients at the as-HIPed surface
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- possible chemical reactions during HIPing
- possible intrusion of glass into the porous green body
- TEM study on the as-HIPed surface of a dense silicon nitride
MATERIALS AND METHODS

The following is a brief review of the materials and methods used. In the
papers of the thesis more detailed descriptions are found.
The oxides studied were candidates for bio-materials and so high strength as
well as high toughness were desired. High purity as well as fine grain sizes
were essential. Raw powder specifications are given in Table 1.
The aluminium oxide powders had an aluminium oxide content of > 99.9 %.
The zirconia powder contained 3 m/o yttria and had a specific surface area of
19 m / g. Mixtures of zirconia (3 m/o yttria) / alumina were obtained from the
producer.
2

Table 1. Powder specifications for the oxides (suppliers data).
Zr0

Y2O3

AI2O3

w/o

w/o

w/o

Specific
surface area
(BET) m /g

Zr0 (3Y)l)

94.7

5.3

0

19

ZrO (3Y)20A2)

75.8

4.2

20.0

16

ZrO (3Y)-80A3)

19.0

1.0

80.0

2

2

2

2

2

A/Al 0 -24)

99.99 %

7

ß5)

99.99 %

30

99.95 %

8

2

3

C6)
7

Al 0 -1 )
2

99.9%

3

2

3

4

iTosoh, TZ-3Y; Tosoh, TZ-3Y-20A; Tosoh, TZ-3Y-80A; Surnitomo,
AKP30; Baikowski, Baikalox CR30; Reynolds, RC-HP DBM; Sumitomo
A141 DBM
5

6

7

Samples were formed by cold isostatic pressmg at a pressure of 300 MPa. In
order to mantain a fine grain size in the microstructure the lowest possible
densification temperature was sought. HIP-parameters used were 1150 - 1300
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°C, 200 MPa and 1 h. Intermediate layers were applied on the ceramic surface
to hinder reactions with the borosihcate encapsulation glass. The first layer
apphed direct on the ceramic surface was BN and the second was a mixture of
Vycor and mullite. The specimens were evaluated with respect to densification
by density measurement (water emplacement method) and microstructure
(SEM). Mechanical properties were studied using a 3-point bending test (3.2 x
3.2 x 20 mm bars), fracture toughness with a Vickers indentation technique
(equation according to Niihara et al (1983)) and four different cytotoxicity tests
were performed to assess biocompatibility.
3

The model systems of silicon nitride and borosihcate glass were prepared from
silicon nitride powder, (specification in Table 2) with a BET surface of 8.9 m
/ g and three different compositions of borosilicate (see Table 3).
2

Table 2. Silicon nitride powder specification
a- / ß-phase

Specific surface area,
(BET), m / g
2

1

S13N4

8

92%/8%

9

ISiconide P 95, Permascand AB
The different glass compositions were chosen to obtain different glass
properties (primarily viscosity) without introducing any new species.
Table 3. Glass compositions.
B 0
2

Glass I
Glass II
Glass ÜI

3

30 w/o
50 w/o
60 w/o

Si0

2

70 w/o
50 w/o
40 w/o

Two different forming methods were used, namely CIP followed by machining
of the green body and injection moulding. This was done to obtain different
surfaces and pore morphologies without changing the base material.
Interactions were studied both in glass/nitride powder mixtures and at the
glass/nitride interface of encapsulated nitride compacts.
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A model HIP cycle was applied to the model systems. This was as follows: a
temperature increase to 1180 - 1200 °C, followed by a hold time of 0.5 hours
to eliminate temperature gradients, followed by a pressure increase to 130 MPa
taking 0.5 hours, followed by a temperature increase and subsequently a
pressure increase to maximum settings of 1750 °C, 250 MPa and 1 hour.
Mainly glass particle encapsulations were used. The oxygen partial pressure in
the fumace was measured with a ZrC>2-probe. With respect to glass intrusion,
the critical stages of the cycle is during heating between 1200 and about 1500
°C when pressure is apphed and the pore structure of the ceramic is still open.
Thus, cycles interrupted in this range were also performed.
The glass characteristics were examined by wetting angle measurement and
viscosity measurement. The pore size distribution of the silicon nitride green
body was obtained by mercury porosimetry.
Gradients at the surraces of the HIPed nitride compacts were evaluated by Xray diffraction, ultra-nano indentation (both spherical and Berkovich indenter),
SEM and TEM. Samples from interrupted HIP-cycles were examined by
secondary ion mass spectrometry (SIMS) to reveal chemical gradients and with
SEM. The possible influence of nitrogen on the glass was measured indirectly
by means of hardness. Chemical equilibria were calculated with the computer
program ChemSage, developed at the University of Umeå (Eriksson et al,
1990). Theoretical predictions of glass intrusion were made using equations for
viscousflowof Newtonian hquids, mainly Darcy's law, (Darcy 1856).
RESULTS AND DISCUSSION

Dense samples of the oxides were obtained with veryfinemicrostructures.
Bending strengths of 750 MPa for AI2O3 and 1350 MPa for Z1O2 (3 m/o
2

yttria) were achieved. The Kfc-values were 5.0 and 14.5 MPa mY respectively.
The corresponding properties of the Z1O2 - AI2O3 composites lay between
these values (paper I). The biocompatibility was evaluated in four different
cytotoxicity tests in cultures in human oral cells. All materials tested showed
high biocompatibility. The results indicate that the materials tested show
promise as biological supporting implant materials (paper IT).
To make full use of transformation toughening in Zr0 the correlation between
the grain size and the amount of stabilising agent has to be considered. In view
of the small grain sizes in these materials, a lower Y2O3 content would
probably have been more suitable to avoid overstabihzation of the particles.
2
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In the glass encapsulated HIPed silicon nitride gradients were found in the
surface region. For example the Young's modulus was reduced down to a depth
of about 150 microns from the surface (see paper IV) and the phase
composition also exhibited a corresponding gradient of 100 - 200 microns (see
paper V).
The glasses are non-wetting towards the silicon nitride, exhibiting a wetting
angle of about 140 ° (paper V). This is consistent with the observation that in
HIP-cycles interrupted before pressure application the glass and silicon nitride
are totally separated. To estimate the viscous flow of the glass into the pore
system, use was made of Darcy's law for Newtonian fluids:
l = (B*P*t/n)

,/2

where 1 is the intrusion length, B is the permeability, P is the apphed pressure, t
is the time and r| is the viscosity.
A test with glycerol was first performed to determine the permeability of the
ceramic green bodies. The tests were consistent with Darcy's law. On the basis
of this permeability value intrusions were calculated for the range in the HIPcycle in which the glass is fluid and the pore system still unaltered by sintering.
The result was an intrusion distance of 1200 microns for the glass with the
lowest viscosity. However, no experimental evidence for such deep infiltration
was found in the model system studied. For example, the boron gradients
revealed by SIMS indicated much lower penetration depth.
Different factors may limit the glass intrusion. At the pore walls, that is on the
silicon nitride grain surfaces, there is a silicon oxide layer of approximately 0.7
nm, corresponding to the oxygen content of the raw powder. This layer could
well dissolve in the borosilicate glass melt leading to an increase in viscosity
(Bruckner and Navarro, 1966). However this effect is expected to be limited
since the amount of silica available is small.
Another factor which can play a role is nitrogen dissolution in the glass. This
phenomenon has been shown to take place in glass/nitride powder mixtures at
1500 °C using hardness measurement as an indirect indication of nitrogen
content (paper V). It is not improbable that the reaction could take place at
lower temperatures in the pore system of a green compact since the necessary
diffusion distances are very limited. Nitrogen is known to increase the viscosity
of the glass and would thus reduce the glass intrusion. Also the boron diffusion
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into the ceramic which was confirmed experimentally might affect the glassy
phase within the ceramic, e g the eutectic temperature.
A third factor which may have an influence is the possible formation of boron
nitride. Thermodynamical calculations have shown that BN is stable in the
S13N4 - Si(>2 - B2O3 -system at the relatively low temperature of pressure
application provided a 'local' atmosphere not governed by the fumace is
created (paper III). The gradients of around 200 microns observed for the low
viscosity glass would be explained with glass intrusion by viscous flow if the
BN formation reduced the pore size to about 20 % i.e. to around 10 nm.
However, there is a lower limit to the pore diameters below which the glass
fluid can no longer be regarded as a continuum and the equations used no
longer are valid. Further studies are clearly necessary to ascertain the relative
importance of such effects.
However, TEM work revealed BN formation in the surface region of a
densified specimen (paper VII). The studies were performed on a HIPed silicon
nitride sample with 6 w/o yttria. The bulk microstructure contained grains with
a size range of approximately 0.1-2 micrometers. A glassy phase was visible
in the grain boundaries. Due to the large amount of sintering aid the glass
pockets were relatively large.
At the surface of the silicon nitride material was a layer of textured hexagonal
boron nitride (seefigure9). It more or less covered the whole surface and had a
depth of approximately 0.5 - 0.8 micrometers. It seemed as if the textured
boron nitride had nucleated on the grain beneath and grown outwards by
extending the (OOl)-planes. There are a lot of small grains with the (001)
planes parallel to each other in every 'layer' seen in the figure.

Figure 9. TEM image of BN at the HIP-surface.
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Silicon oxynitride grains were observed along the inside of the boron nitride
layer. The origin of this BN is assumed to be reaction between the boroncontaining glass and the silicon nitride particles. BN can be thermodynamically
stable already at the temperature of pressure application. In Figure 9 the
textured boron nitride grains together creates a shape with decreasing area
further in which could fit a former pore channel. If this type of boron nitride
forms when the glass starts to penetrate the small pores the flow will be
hindered. Another type of hexagonal boron nitride was found outside this
textured boron nitride, see Figure 9. Here the grains had grown from a central
nucleus, in different directions. A similar structure of BN-grains were found
further in (see Figure 10).

mam

Figure 10. TEM image of BN grain, approximately 8 microns from the
surface.
Due to the difficulties in detecting these boron nitride grains within the
material, it was not possible to make a quantitative estimate of the amount. It
may have been formed from the encapsulation glass boron entering the porous
silicon nitride (detected with SIMS). The kinetics for the different BNformation at the surface remains to be studied.
During attempts to prepare the TEM specimens of the interfacial region
between glass and ceramic, most of the samples fragmented. However, it was
possible to achieve useful specimen of some small fragments by mounting them
in a titanium specimen carrier with aluminium strips as support. The technique
used is described in paper VI.
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SUGGESTIONS FOR FUTURE WORK

That the glass penetration during HIP is much less than is predicted by
physical permeability is clearly of practical interest. Thus an investigation of
possible penetration hindering processes suggested in this thesis could be a
starting point for future work taking kinetic aspects of chemical interactions
into consideration. This is of special importance at the early low temperature
part of the HIP-cycle, during initial pressure application.
With the specimen preparation technique presented it should be possible to
prepare TEM specimens of the fragile samples from interrupted HDP-cycles.
TEM studies of these would be valuable for assessment of the suspected
interaction processes. The use of the EELS-technique in combination with
TEM would be helpful in the evaluation, since this would permit the detection
of the lower elements such as boron and nitrogen.
Densification of oxides using glass encapsulation HIP has been shown to be
feasible and yields materials with promising mechanical properties. A possible
development could be the in-situ creation of a local atmosphere designed to
limit oxygen depletion.
Further study of the influence of nitrogen on the encapsulation glass could be
fruitful in the development of protective layers suitable for encapsulation of
non-nitride ceramics.
Net-shape production demands practical methods of surface characterisation
both for the green preform as well as for thefinalHIPed surfaces. Non-contact
profilometric instruments might be useful for this. A thorough study is needed
to evaluate and adapt such techniques. Shape consistency evaluation methods
must also be developed.
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Hot isostatic pressing of some oxides at low temperatures

Anna-Karin Tjemlund and Leif Hermansson
ASEA CERAMA AB, Robertsfors, Sweden
Abstract

This paper presents a study on glass encapsulated hot isostatic pressing of
highly pure alumina, alurnina-zirconia mixtures and tetragonally stabilized
zirconia (TZP) at relatively low temperatures, 1150 - 1300 °C. Low
temperatures are essential for grain growth control and the related strength and
stability improvements. Fully dense materials were obtained. Improved strength
and veryfinemicrostructures were achieved.
Introduction

In this paper a study on hot isostatic pressing (HIP) of highly pure alumina,
alumina-zirconia mixtures and zirconia (TZP) will be presented.
Pure alumina, without sintering additives, is very sensitive for exaggerated
grain growth which is a hindrance to achieve fully dense material (Ref. 1). This
discontinuous grain growth will also dramatically influence on strength. To
obtain a good transformation toughening effect in material containing partially
stabilized zirconia, the zirconia grains must not exceed a certain size in order to
stay metastable (Ref. 2).
Glass encapsulated HIP has a great potential for porosity elimination and grain
size control. The driving force for densification is increased by the high
external gas pressure (Ref. 3), and the sintering temperature for ceramics can
be reduced with 2 - 500 °C by using this technique (Ref. 4). This means that
the grain growth could more easily be controlled compared to conventional
sintering.
Relatively low densification temperatures (1150 - 1300 °C) have been used in
this study in order to investigate the minimum temperature for complete
densification. The corresponding microstructures and mechanical properties are
evaluated.
Experimental procedure

High purity Al203-powdersfromthree manufactures have been used. Two of
them have an Al203-content of 99.99 % and the third contains 99.95 %
AI2O3. The particle (agglomeration) size distribution differs and also the
specific surfaces areas (BET) and the alpha-content. In Table 1 typical
analyses are shown (suppliers' data).
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Table 1. Al203-powder characteristics.
Material AI2O3content
A
B
C

alpha-content Spec, surface Ignition Particle size
area (BET)
distribution
(80 w/o within
the region)
99.99 % Not specified
0.62
0.2
-1 urn
7m /g
99.99 % 65 %
1.02
0.2 - 2 urn
30m /g
2

99.95 % 95%

2

8m /g

0.42

0.1 -5 urn

Three different powders containing zirconia partially stabilized with 3 m/o
yttria have been studied. The composition of the powders can be seen in Table
2 (suppliers' data).
Table 2. Composition of Zr02 ærrtaining powders
Material

Z1O2, w/o Y 03, w/o AI2O3, w/o Spec, surface area
2

2

Zr02(3Y)
ZrO2(3Y)-20A
ZrO2(3Y)-80A

94.7
75.8
19.0

5.3
4.2
1.0

0
20.0
80.0

(BET), m /g
19
16

-

Both as-received powders as well as powders prepared by mechanical
dispersion and subsequent sieving through a 3 urn sieve have been used.
Cold isostatic pressing (CIP) was used as fonning method. The pressure during
CIPing was 300 MPa. The HIP temperatures were 1150 - 1300 °C, the
pressure 200 MPa and the soak time 1 h at the maximum temperature.
Densities were measured by a water displacement method, the microstructure
analyses were done by SEM. 3-pt bending (20 mm span) was used for strength
measurements and K j was measured by a Vicker indentation technique
(equation according to Niihara, Ref. 5). Phase analyses were done by using
XRD.
c
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Result

The obtained densities as a function of HIP temperatures for the different
alumina materials can be seen in Table 3. The uncertainties in measured values
3
are a few thousand of a gram per cm .
3
Table 3. Densities for the AI2O3 -material (g / cm )

Material
A
B
C

HIP-temperature
o
o
3.95
3.96
3.96

1 1 5 Q

c

1 2 Q Q

c

o
3.97
3.97

1 2 5 Q

c

UQO°C

3.97
3.96
3.97

All the samples reached above 99 % of theoretical density, even the sample
densified at the lowest tested temperature, 1150 °C. Material B gives a slightly
lower density compared to the others at the highest temperature, 1300 °C.
Micrographs of the alumina materials can be seen in Figures 1-3. The polished
surfaces are etched in boiling phosphoric acid.

a)
b)
Fig. 1 AI2O3, material A, polished surface, etched
a) HIP-temperature 1250 °C, b) HIP-temperature 1300 °C
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In Figure la, the microstructure for material A, HIPed at 1250 °C, can be seen.
It shows a homogeneous microstructure with grain sizes of 0.5 - 2 urn. The
microstructure of the same material, HIPed at 1300 °C, is shown in Figure lb.
A coarsening of the structure can be seen.
The micrographs for material B are shown in Figures 2 a-c.

c)
Fig. 2 AI2O3, material B, polished surface, etched, a) HIP-temperature 1150
°C; b) HIP-temperature 1300 °C; c) HIP-temperature 1300 °C, 2h,
exaggerated grain growth, improper drying.
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In Figure 2a, HIP-temperature 1150 °C, all the grains are below 1 urn. Still
after HIPing at 1300 °C for 1 hour, Figure 2b, the grain sizes are between 0.5
- 1 urn, and the structure is homogeneous. In Figure 2c, HIP-temperature 1300
°C, for 2 hrs, an abnormal grain growth has taken place. This is more
pronounced in the surface region. An improper drying with remaining hydroxyl
groups in the green body is probably the main reason for this.
Material C has microstructures withfinegrains in the same sizes as material A
and B. Yet, at the HIP-temperature 1300 °C, Figure 3, a broader grain size
distribution (tendency for abnormal grain growth) can be seen. The starting
powder C has the broadest particle size distribution.

Fig. 3. AI2O3, material C, polished surface, etched, HlP^emperature
1300 °C (exaggerated grain growth)
These materials, with high densities and microstructures with small grain sizes
and narrow grain size distributions have a great potential for high strength. In
spite of the difficulties to avoid destroying the surfaces during test bar
preparation, strength levels of 700 MPa have been measured. No significant
differences between the materials could be seen. For the materials HIPed at
1300 °C the strengths measured were 750, 605 and 700 MPa for A, B and C
respectively.
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In Table 4 the densities for the zirconia containing materials after HIPing at
different temperatures can be seen.
3

Table 4. Densities for the ZrC^-containing materials (g/cm )
HIP-temperature
Material
1150 °C
1200 °C
1300 °C
Zr0 (3Y)
6.08
ZrO (3Y)-20A 5.48
ZrO (3Y)-80A 3.70
2

2

2

6.07
5.48
4.26

6.07
5.48
4.27

The TZP material is fully dense after HIPing at 1150 °C. This temperature is
also enough to reach theoretical density for zirconia with 20 w/o alumina. But
for the material with 80 w/o alumina a higher temperature 1200 °C, was
necessary to get a fully dense material.
The micrographs for these materials are seen in Figures 4 - 6 . Figures 4 a-c
show the microstructure for the zirconia material without alumina densified at
different temperatures. In 4a (HlP-tenrperature 1150 °C) the grain size is very
fine, approximately 0.1 urn. For the material HIPed at 1200 °C, Figure 4b, the
grains have coarsened to approximately 0.3 urn. The material HIPed at 1300
°C shows a microstructure with grains in the similar size range, Figure 4c. The
structure is very homogeneous i all these materials.

a)
b)
Fig. 4 Zr0 (3Y), polished, etched, a) HIP-temperature 1150 °C, b) HIPtemperature 1200 °C
2
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Fig. 4c. ZrC>2(3Y), polished, over-etched,fflP-temperature1300 °C
Zirconia with 20 w/o alumina is seen in Figure 5a and b. Two zirconia
distributions are found. The main part of the zirconia grains are very small in
size but zirconia aggregates of approximately 5 urn in size are also present. For
material HIPed at 1150 °C, Figure 5a, the alumina grains are 0.5 urn and the
small zirconia grains in the range of 0.1 urn. At higher HIP-temperature the
structure has coarsened somewhat but with no tendency for abnormal grain
growth.

Fig. 5a. ZrO (3Y)-20A, polished, etched, HIP-temperature 1150 °C.
2
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Fig. 5b. ZrO2(3Y)-20A, polished, etched,fflP^errrperature1200 °C.
Zirconia with 80 w/o alumina is shown in Figures 6a and b. Also in this
material there are two zirconia distributions. The zirconia aggregates are in the
range of 1 urn. Higher temperature gives coarser grains, but no abnormal grain
growth can be seen. In Figure 7 the micrograph of an as-received powder
without milling or sieving of the powder before CIPing can be seen. The asreceived powder is spray dried and zirconia is enriched at the surface of the
spray dried particles. In spite of the applied pressures of 300 MPa and 200
MPa during CIP and HIP respectively, the inhomogeneity is still present in the
final material.
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Fig. 6a. ZrO2(3Y)-80A, polished, etched, HIP-temperature 1150 °C.

Fig. 6b. ZrO (3Y)-80A, polished, etched, HIP-temperature 1200 °C.

Fig. 7. ZrO (3Y)-80A, polished, etched, HIP-temperature 1200 °C, BEI.
2

The strength measurements for the zirconia containing materials can be seen in
Table 5 and 6 respectively. The highest strength value for the TZP-material is
1350 MPa (HIP-temperature 1200 °C). For the material containing 20 w/o
AI2O3 the highest values were measured after HIPing at 1150 °C, 1100 MPa.
The material with 80 w/o AI2O3 gave the highest strength, 850 MPa after
HIPing at 1200 °C. The machining of the test specimens was not optimized.

Table 5. Bending strength (3-point) (MPa)

Material
Zr0 (3Y)
ZrO (3Y)-20A
Zr0 (3Y)-80A
2

2

2

HIP-temperature
1150°C
950
1100

1200 °C

1300 °C

1350
850
850

750
600
700

In Table 6 the toughness and the hardness values are given. The TZP-material
with the HIP-temperature 1200 °C showed the highest toughness. With
increasing alumina content the toughness decreases and the hardness increases.
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There is also an increasing hardness with decreasing HIP-temperature, except
for the material with 80 w/o AI2O3.
Table 6. Kj (MPa mfe) and hardness (GPa) measured by Vicker indentation.
c

Material

Temperamre
1150 °C
Kfc
HV0.5

1200 °C
Kfc
HV0.5

Kfc

HVq.5

Zr0 (3Y)
Zr0 (3Y)-20A
Zr0 (3Y)-80A

13.0
9.5
n.d.

14.5
9.0
5.5

5.5
7.0
5.5

12.6
14.8
21.0

2

2

2

14.8
16.6
n.d.

14.3
15.6
20.8

1300 °C

XRD measurements show that no monoclinic zirconia phase is present i the
materials.
Summary

Materials of high purity A1 0 powder have been densified to almost
theoretical density at HIP-temperatures of 12 - 1300 °C. Homogeneous
nhcrostxuctures with very fine grain sizes (-1 urn) have been obtained.
Abnormal grain growth was observed already at these low temperatures when
the green bodies were improperly dried.
2

3

TZP-material and zirconia with 20 w/o alumina were fully dense after HIPing
at 1150 °C. The corresponding grain sizes for the TZP-material were
approximately 0.1 urn. Zirconia with 80 w/o alumina required 1200 °C for
fully dense material. The alumina grains were below 2 urn in size. The
toughness values for these materials increased with increasing Zr0 -content.
2
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Bioimplant materials of hot isostatically pressed alumina and zirconia:
mechanical properties and biocompatibility

A-K Tjernlund, L Hermansson, K Arvidson and R Söremark
Abstract

This study concerns the mechanical properties and biocompatibility of three
materials potentially suitable for biological implants: high purity (> 99.9 %
alumina, tetragonally stabilized zirconia and a composite material of the two.
The samples were densified by glass encapsulated hot isostatic pressing (HLTP)
at 1200 - 1300 °C and 165 - 200 MPa. The relatively low sintering
temperatures were selected for better control over grain growth, essential for
improving strength and stability of the products. Bending strength of 750 MPa
and above was measured for the materials tested. Zirconia had the greatest
strength and alumina the greatest hardness. Biocompatibility was evaluated in
four different cytotoxicity tests in cultures of human oral cells. All three test
materials showed high biocompatibility, with slightly reduced values for
zirconia in one of the tests. The results indicate that the materials tested show
promise as biological supporting implant materials.
Introduction

Potential materials for the manufacture of biological implants must meet
special criteria. Mechanical and physical properties such as strength,
toughness, Young's modulus and density must be cptimal for the particular
function of the implant. The material must be durable, i.e. it must resist
degradation in biological tissues and it must tolerate sterilization. A
determining factor in selecting bio-materials, however, is bioæinpatibility and
ineartness in situ.
Ceramics meet many of the requirements for acceptable biological implant
materials. Several ceramics are chemically stable and can easily be sterilized.
For high loaded mechanical applications (e.g. hip and dental implants) strength
and fracture toughness are of greatest significance, in addition to the
bioconpatibihty.
High purity alumina, AI2O3, is reported to be highly biocompatible and to
tolerate mechanical loading V For adequate strength, the material should be
dense, with afinehomogeneous microstructure. Pore formation may be totally
eliminated by the glass encapsulated HIP densification technique. The
relatively low sintering temperatures in this process are favourable for limiting
grain growth.
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Zirconia, partially stabilised with yttria, has good mechanical properties with
very high fracture resistance. Addition of AI2O3 to Z1O2 has resulted in a
2

promising increase in bending strength . The bioconrpatibility for these
materials have, however, not been fully documented.
The purpose of this study was therefore to evaluate the mechanical properties
and biocompatibility of high purity alumina, zirconia and a composite material
æntaining both these oxides.
Experimental work
Details of the experimental raw materials are presented in Table 1. The high
purity alumina powder, containing 99.99 % AI2O3, was used in the mechanical
tests and the less pure alumina was tested for biocompatibility. The composite
material containing both alumina and zirconia was prepared by the
manufacturer.
Samples were formed by cold isostatic pressing, encapsulated in glass (an
ASEA CERAMA process) and densified at slightly different parameters, see
Table 2, in accordance with a recent report on the influence of HIP parameters
on the densities and microstructures of these materials .
3

Table 1. Composition, particle size and specific surface area of raw test
materials
Material

Chemical

composition

Particle
Specific
size, D50, surface
urn
area, m /g
2

%A1 0
2

3

%Zr02

AJ2O3.1l

99.9

-

Al 0 -22

>99.99

-

2

3

3

Zr0
A1 0 .
2

2

3

4

80.0

9 4

%Y203
1.3
-

7

19.0

5

3

0.4
*

7.1
1 5

1.0

Zr0
1) Sumitomo A141 DBM, 2) Sumitomo AKP 30, 3) Tokyo Soda TZ-3Y, 4)
ToyoSodaTZ-3Y-80A
2
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Table 2. Densification parameters used in the HIP-process
Material
AI2O3-I
AI2O3-2
Zr0
Al 03_Zr02
2

2

Temperature, °C Soak time, h
1300
1
1300
1
1200
1
1300
2

Pressure, MPa
200
200
200
165

The mechanical properties of the samples were then determined. Densities were
measured by a water displacement method. Strength were measured in a 3point bending test with bar dimensions 3.2 x 3.2 mm and 20 mm span. A
Vicker rndenter was used for hardness and fracture toughness tests with load of
0.5 and 2 kg respectively. Toughness was calculated according to an equation
by Niihara . The microstructure of the polished samples was studied in a
scanning electron microscope.
4

The biocompatibility of the samples was evaluated in four different
cytotoxicity tests, using cultures of human oral cells:
1.
2.
3.
4.

ability to form colonies of human cells and the clonal
growth rate^
growth rate of cells during a specified time interval
adaptation of cells to the surfaces of the materials
the possible release of products from the samples.

Human oral cells were obtained by the method described by Arvidson et al^
and grown in the media described in and .
7

8

Results

The densities achieved following HIP processing are presented in Table 3.
Greater than 99.9 % of the theoretically attainable density was achieved in all
three materials. The micrograph in Figure 1 shows the microstructure of the
very high purity AI2O3 sample, with grain sizes from 0.5 - 2 urn. The
micrographs in Figures 2 and 3 show the microstructure of the Z1O2 sample
and the composite material respectively. The grain size of the Z1O2 sample is
approximately 0.3 urn. The microstructure of the composite material has a
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matrix of mtimately mixed small Z1O2 and AI2O3 grains (< 1 um), with some
large Zr02 clusters.
Table 3. Densities of samples after HIP processing
3

Material
AI2O3-I
AI2O3-2
Zr0
Al 03.Zr02

Density, g/cm
3.95
3.97
6.07
4.26

2

2

Table 4. Summary of mechanical properties of samples
Material
Al 0 -2
Zr0
Al 03.Zr0
2

c,MPa

3

2

2

2

750+/-60
1350+/-185
990+/-195

HV ,GPa

K (MI)

24.2
14.3
22.3

MPa m
5.0
14.5
5.0

05

Ic

1/z

Table 4 presents a summary of the mechanical properties of the test samples.
The greatest values for strength and toughness were obtained for the Z1O2
material. The AI2O3 sample had the lowest strength, 750 MPa. The values for
the composite material lay between those obtained for ZK>2 and AI2O3.

Fig. 1 Microstructure of material AI2O3-2.
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Fig. 2 Microstructure of material ZrOj

Fig. 3 Microstructure of material Al203-Zr02.

In table 5, the results of the first cytotoxicity test are presented, viz. the ability
to form colonies and the clonal growth rate of cells in close proximity to the
test material. Only the Z1O2 sample gave shghtly lower values; the result for
the other two test materials did not differ from the control values.
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Tab. 5 Colony forming efficiency (CFE) and clonal growth rate (CGR)
for cells close to tested material:
Material

a

AI2O3-I

Zr0
Al 03_Zr02
control sample
2

2

CFE
100 %
86%
100 %
100 %

b

CGR
0.7
0.6
0.7
0.7

a) Fibroblasts are exposed to the test materials for 8 days in a medium with
low serum content. The cells werefixedand stained before examination in
the stereo-microscope.
b) The values are daily averages for cell doubling over a period of 8 days.
The growth rate of thefibroblastsdid not appear to be influenced by any of the
materials. All samples reached confluence after 14 days (Fig. 4).

Fig. 4

Fibroblasts in control sample. Thefibroblastshave reached
confluent stage after 14 days in a cell growth bowl. Phase
contrast microscopy.

Thefibroblastsshowed good adaptation to the surfaces of all the materials
(Fig. 5).
The chemical inertness of the materials was confirmed by thefindingthat no
products were released form any of the samples.
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Fig. 5

Fibroblasts growing in very good adaptation to a) control
sample, b) AI2O3-I, c) ZrC>2 and d) AI2O3- ZrC^.

Discussion
Mechanical measurements and the cytotoxicity tests show promising
properties. Even greater potential exists for these materials. To make full use
of the transformation toughening in Z1O2 correlation between the grain size
and the amount of stabilizing agent should be considered. The strength data
reported are conservative due to a nonoptimized sample preparation technique.
Machining defects are easily introduced in the materials with low fracture
toughness.
The shghtly reduced valuesforthe zirconia in one of the biocompatibility tests
may be due to the presence of a Si02^XHitaining glassy phase in the material.
Further evaluation of these materials as supporting bioimplants is in progress.
Animal studies in which pins of the ceramic materials have been implanted in
mice are now being conducted. Injection moulding techniques are being
developed to form suitable implant component of these materials.
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Chemical reactions in the system S13N4 - SiCh - B 0
2

3

Anna-Karin Westman, Stefan Forsberg* and Hans T Larker
Department of Materials and Manufacturing, Luleå University of Technology, S971 87 Luleå, Sweden, * Department of Inorganic Chemistry, University of Umeå,
S-901 87 Umeå, Sweden
Abstract

Chemical interactions in the system of silicon nitride with borosihcate glass have
been studied as part of an evaluation of glass encapsulated HIP. Theoretical
calculations have been performed to predict the thermodynamically stable phases
under conditions reflecting different stages in a HIP-cycle. Experimental studies
were made on heat treated mixtures of the silicon nitride and the silicate glass.
These samples were evaluated with X-ray diffraction. At temperatures commonly
used for densification, the system reacted to BN and Si N 0 in agreement with the
theoretical calculations. At typical temperatures for pressure application no
chemical reactions could be detected but the theoretical calculations showed that
BN and, for larger amount of silicon nitride, also silicon oxynitride were stable.
Minor amounts of the phases may have formed or non-equilibrium conditions could
be explanations for the absence of the expected phases.
2

2

Introduction

One method to produce advanced ceramics, such as silicon nitride, is glass
encapsulated hot isostatic pressing, (HIP). This technique promotes high densities,
close tolerances and can be used for complicated shapes (1). Since one of the main
drawbacks of structural ceramics is the high cost of machining densified material, a
great advantage of HIP is the potential for net or near net shape production. This
means that the quality of the produced surface is of great importance; it is essential
to obtain high quality surraces without machining or with as little machining as
possible. It is therefore of interest to know the chemical reactions taking place at
the ceramic surface.
In glass encapsulation HIP, a glass is apphed to the ceramic surface. The glass acts
as a gas-tight pressure transmitting medium during HIP consolidation. The
temperature is first increased until the viscosity of the glass allows the pressure to
be applied. After pressure application the heating is continued until the desired
temperature is reached. When the densification cycle isfinishedthe glass has to be
carefully removed, without damaging the surface of the ceramic. Because of the
intimate contact between the encapsulating glass and the ceramic surface during
densification, one point of interest is the interface between the materials. This study
focuses on possible chemical reactions taking place at this interface during HIP. Of
special interest is what happens at the temperature of pressure application, i.e.
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when the encapsulating glass and the surface of the ceramic green body develop
close contact. One question that arises is whether or not a reaction product such as
BN is formed at an early stage of the HIP cycle since this phase could prevent
glass penetration into the still porous ceramic body.
Here, a model system of sihcon nitride with an encapsulating glass of borosihcate
has been studied. Sihcon nitride is an important advanced ceramic and is also used
in composites as a matrix material. Borosihcate containing glass is known to be
used as an encapsulating glass for HIPing of ceramics (1,2). Experimental studies
as well as theoretical calculations were performed on the model system in order to
evaluate what chemical reactions could take place during a HIP cycle, especially at
the temperature for pressure apphcation.
Glasses with high S1O2 content have very high viscosity even at relatively high
temperature which can cause them to react very slowly and thus deviate from
equilibrium condition for long times. Nonetheless, knowledge of equihbrium
conditions is of interest because it gives an indication of the reaction tendency.
Even if non-equihbrium is at hand on a larger scale, equihbrium may occur on a
sub-micron scale. This may be of importance where the diffusion distances are
short, e g in the pore openings andfinepore channels of the green body when it
gets in contact with the glass.
Thermodynamic calculations for part of the model system have been published by
Hillert et al (3). They present data for the systems of Si-O-N but without any boron
present. Colenz and Lewis (4) worked with B 0 and Si N in order to make BNtoughened composites by an in-situ reaction. According to the theoretical
calculations for their conditions BN should form. However, in the experiments no
BN could be detected after vacuum hot pressing at 1620 °C, 350 bar and lh hold
time. They mention the constraining effects of the rather large volume increase
occurring with the reaction as a possible factor influencing the result. The volume
change does, however, seem to be overestimated which makes this suggestion less
probable. Turan and Knowles (5)foundBN in samples of SiC/ Si N composites
after HIPing in tantalum cans in the presence of B 0 . The cans were sealed in
vacuum and HIPed at a temperature of 2100 °C. According to their calculations
BN should be a stable phase under these conditions.
2

3

3

4

3

2

4

3

Experimental work
The pressure in the HIP-cycle is normally apphed at a temperature where the glass
is soft but still has quite a high viscosity; here 1200 °C was chosen as
representative temperature. A typical densification temperature for HIPed sihcon
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nitride is 1750 C. Thus, these two temperatures were selected as a basis for the
temperature profile used in this study.
The experimental studies were made with sihcon nitride powderfromPermascand
AB, (Siconide P95). Three weight percent yttria was added to the nitride powder as
a sintering aid. The glass was produced by heat treating a mixture of 30 w/o B 0
and 70 w/o SiCh at 900 °C for 24 hours. The resulting glass was crushed, sieved
and ground to obtain a fine powder. The grinding procedure used results in a d of
approximately 30 microns. This glass powder was mixed with the silicon nitride
powder at a ratio of 50/50 (w/o) and cold isostatically pressed to specimens at a
pressure of 300 MPa. In this way the surface area available for reactions was
maximised thereby increasing the detectability of possible reaction products. The
heat treated samples were examined with X-ray diffraction (XRD) at room
temperature and the phases were identified according to the files hsted in the
Appendix.
2

3
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If only a limited amount of BN is formed in the system, the detectability of small
amounts of BN is of importance. In Figure 1 mffractograms of pure powders are
shown. The strongest BN peak (002), d=3.35, is overlapped both by the low quartz
(101) peak, and the a- Si N (200) peak. To evaluate the detection limit for BN,
mixtures of silicon nitride / glass (50/50) and different amounts of BN were
studied. Peaks at d= 2.88, 3.35 and 4.27 were used for the calculations. From the
d=2.88 peak the sihcon nitride content in the other peaks can be calculated. Then
the silica content in the d=3.35 peak can be estimatedfromthe residual of peak d=
4.27. Remaining counts at d=3.35 are presumed to originatefromBN.
3

4

32400
[counts]
25600

[°26]

Figure 1. XRD curves of sihcon nitride, glass and boron nitride before heat
treatment. (The glass has some remaining low quartz.)
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Figure 2 shows a comparison between a heat treated silicon nitride / glass mixture
(1200 °C, 9 hrs) and a reference mixture with 10 v/o BN added. The largest BN
peak is easily detected in the 10 % BN reference mixture, but not in the heat treated
sample. Similar tests with 5 % BN did not show satisfactory detectability. Also
Si N 0 has an overlapping peak at the large BN (002) peak. With Si N 0 present
the contribution at the BN peak can be calculated from the (110) and (020) peaks
of Si N 0, d= 4.67 and d=4.44.
2

2

2

2

2

2

6400
[counts 3H

Si3N4/G l a s s ,

4900 \

S 13M4/Glass

1200
with

'C, 9 h r s
lOSS BN

2500

20

2S

30

35

40

t*2fij
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Figure 2. XRD curves of silicon nitride/glass mixture after heat treatment 1200 °C
for 9 hrs and of the sihcon nitride/glass mixture with 10 % boron nitride added.
Since the atmosphere may influence the equilibrium situation, oxygen partial
pressure in the furnace was measured using a galvanic cell with zirconia as a solid
electrolyte and iron / iron oxide as the reference system. The method is described
by Paulsson et al (6) and the equation for the reference system is given by
Fredriksson et al (7). Oxygen partial pressure was measured between 1000 °C 1200 °C which is around the temperature for pressure application. Measurements
were done both with the probe placed in an empty graphite crucible as well as with
the probe placed in a powder mixture of silicon nitride and glass in the same type
of crucible.
The mermodynamic calculations on the system were made with the program
ChemSage, developed by Eriksson et al (8). In these calculations thermodynamic
data were taken from SGTE (Scientific Group Thermodata Europe) and for sihcon
oxymtride from Hillert et al (3). Thermodynamic properties of quartz, cristobahte
and amorphous S1O2 are taken from Richet et al (9). The hquid in the system SiÜ2 -
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B 0 is treated as a regular solution. The enthalpy of mixing in this system has
been measured by Hervig and Navrotsky (10), and is described by the equation
2

3

AH = 12950*x
nrix

siO2

*x

B2O3

(J/mole)

(1)

Using this equation (with the assumption of zero excess entropy) and data for the
different polymorphs of silica, the calculated silica liquidus and metastable liquid liquid miscibility gap are in good agreement with the experimental results of
Rockett et al (11) and of Charles (12), respectively. The calculated phase diagram
is depicted in Hervig and Navrotsky (10). Yttria and the phases in the B-Si system
have not been included in the calculations.
The equilibrium phase compositions of the B-Si-N-0 systems with a given B/Si
mole ratio were calculated as a function of oxygen and nitrogen partial pressure at
1200 °C and 1750 °C respectively. At 1200 °C the total pressure was 1 bar and at
1750 °C the pressure was 1600 bar. Only the pressure influence on the gaseous
species was considered in the calculations since the mole volume changes for the
condensed phases are thermodynamically insignificant. Calculations have been
performed for B/Si ratios in the range 10" - 10°. The experimental mixture of 50
w/o glass and 50 w/o sihcon nitride corresponds to a B/Si ratio of 0.26.
2

Equihbrium phase compositions were also calculated for different relative amounts
of glass and sihcon nitride. The calculations also gave oxygen and nitrogen partial
pressures as a function of mole ratio glass / silicon nitride. This was done in order
to evaluate what happens within a sealed glass - silicon nitride system since the
fumace atmosphere in a HIP is sealed off from the ceramic parts whenever the
encapsulation glass is gas tight.
Results and discussion
The example with the four component system B-Si-N-0 for a B/Si ratio of 0.26
(50 w/o glass / 50 w/o sihcon nitride) is given in Table 1 and 2. Table 1 shows the
stable phases for the system at 1200 °C as a function of nitrogen and oxygen
partial pressures. BN can only be formed if the oxygen partial pressure is below a
critical value. This value is dependent on the corresponding nitrogen partial
pressure. At very low oxygen and nitrogen partial pressures the system will form B
- Si phases like B Si, (13).
6

55

Table 1. Phases at eqmlibrium, T = 1200 °C, P = 1 bar, Ar, 'bsl' stands for
borosihcate hquid, mole ratio B / Si = 0.26 which corresponds to a system of 50
w/o glass and 50 w/o silicon nitride.
logpN ,
2

bar
-1

BN
Si N 0

BN
Si N 0

BN
Si N 0

BN
Si0

BN
Si N 0

BN
Si N 0

BN
Si0

2

BN
Si0

BN
Si N 0

BN
Si N 0

BN
Si0

2

bsl
Si0

BN
Si N 0

BN
Si N 0

BN
Si0

2

bsl
Si0

BN
Si N 0

BN
Si0

2

BN
Si0

2

bsl
Si02

bsl
Si0

BN
Si

BN
Si0

2

bsl
Si0

2

bsl
Si0

bsl
Si0

-24

-22

2

-2

2

-3

2

-4

2

-5

2

-6

2

2

2

2

2

2

2

2

2

2

2

2

2

2

-20

2

-18

2

bsl
Si0

2

bsl
Si0

2

bsl
Si0

2

bsl
Si0

2

-16

2

bsl
Si0

2

bsl
Si0

2

bsl
Si0

2

bsl
Si0

2

bsl
Si0

2

bsl
Si0
-14

2

bsl
Si0

2

2

bsl
Si0

2

2

bsl
Si0

2

2

bsl
Si0

2

2

bsl
Si0

2

2

bsl
Si0

2

-12
logP0 '
bar
2
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Table 2. Phases at equilibrium, T = 1750 °C, P = 1600 bar, Ar, 'bsl' stands for
borosihcate hquid, mole ratio B / Si = 0.26 which corresponds to a system of 50
w/o glass and 50 w/o silicon nitride.
log PN , bar
2

0

BN
Si N

BN

BN

BN
bsl

bsl

S13N4

BN
Si N 0

bsl

S13N4

BN
Si

BN
Si

BN
Si

BN
Si N 0

bsl

bsl

bsl

-2

BN
Si

BN
Si

BN
Si

BN
bsl

bsl

bsl

bsl

-3

BN
Si

BN
Si

BN
Si

BN
bsl

bsl

bsl

bsl

-20

-18

-16

-14

-12

-10

-8

3

-1

4

2

2

2

2

logpo , bar
2

Table 2 shows the situation at 1750 °C and a total pressure of 1600 bar. Here
BN is stable up to a higher oxygen partial pressure. If sihcon nitride is to be
stable, the oxygen partial pressure must be below 10" bar and the nitrogen
partial pressure must be quite high (1 bar). The same results were found for the
whole B/Si ratio range examined except that for higher ratios no Si02(c) was in
equihbrium with the hquid phase. The results found for silica, silicon
oxynitride, silicon nitride and silicon are in good agreement with the
calculations of Hillert et al (3).
14

The result of the oxygen partial pressure measurements are shown in Figure 3. At a
temperature of 1200 °C the oxygen partial pressure is 10" ' bar. The measurement
with the empty crucible gave the same result. This implies that in these tests the
oxygen partial pressure is not governed by the reactions going on in the mixture but
by the C - CO - C0 reactions taking place within the fumace. With 50% glass and
50% sihcon nitride, as in the experimental study, and an oxygen partial pressure
governed by the furnace atmosphere, 10" bar, only SiÜ2(c) and the borosilicate
melt are stable, see Table 1.
12 2
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Figure 3. Oxygen partial pressure as a function of temperature in a mixture of
Si3N and glass melt, as well as in an empty crucible, in a graphite furnace.
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The results from the calculations with different relative amounts of glass and
sihcon nitride are shown in Figures 4, 5 and 6. Figure 4 gives the resulting oxygen
and nitrogen partial pressures for a range of glass / sihcon nitride ratios.
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Figure 5. Calculated phases at equilibrium with the relative amount of glass and
silicon nitride as a variable, 1200 °C, 1 bar. The y-axis indicates how the B and Si
are distributed respectively in the different phases, in relation to the total B and Si
content.
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Figure 6. Calculated phases at equilibrium with the relative amount of glass and
silicon nitride as a variable, 1750°C, 1600 bar. The y-axis indicates how the B and
Si are distributed respectively in the different phases, in relation to the total B and
Si content.
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The equilibrium oxygen partial pressure differs, at the temperature of 1200 °C
from 10" bar for the lowest ratio calculated (0.1) up to 10" bar for simple glass.
The corresponding values for 1750 °C and 1600 bar HIP pressure are 10" bar and
10" bar. The nitrogen partial pressure shows a more limited variation with glass /
2X

12

17

7

-6

5

1

2

silicon nitride ratio, 10' - 10 bar at the lower temperature and 10 - 10 bar at
the higher temperature for the ratios exarnined.
In Figure 5 and 6 are shown the condensed phases present at equihbrium at 1200
°C and 1750 °C for different glass / silicon nitride ratios, as well as the relative
distribution of Si and B in the different condensed phases. It can be seen that BN is
stable at both temperatures even with only a very limited amount of Si N added.
With Si N present the B 0 in the melt reacts to BN. When all B 0 in the melt is
consumed Si N 0 is formed. (At 1750 °C there is a small amount B 0 in the melt
(0.1 % of the melt) in equilibrium with Si N 0.) It can be noticed that with a very
low glass / Si N ratio Si is also stable, but this is only a smallfractionof the total
molar content. (With a glass / Si N ratio of 0.1 the molar amount of Si is 0.002 %
at 1200 °C and 0.007 % at 1750 °C.) Since Figure 5 and 6 gives the relative
distributions of Si and B, the volume percentages of the different phases can be
calculated if the molar weights and the densities are known. E g for the
experimental mixture of 50 w/o glass and 50 w/o sihcon nitride (molar ratio 2.2) at
1200 °C the equihbrium phase content can be calculated to 12 v/o BN, 44 v/o Si0
and 44 v/o Si N 0.
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For different amounts of silicon nitride compared to the amount of glass, reactions
at 1200 °C can according to the thermodynamic calculations be written
(S1O2; B 0 )(1) + V2 Si N (s) -> 2BN(s) + 2.5 Si0 (s)
(2)
(Si0 ; B 0 )(1) + Si N (s) -> 2BN(s) + Si N 0(s) + 2 Si0 (s)
(3)
(Si0 ; B 0 )(1) + 4 Si N (s) -> 2BN(s) + 5 Si N 0(s) + 3Si(s) + 2 N (g) (4)
2

2

2

2

2

3

3

3

3

3

4

2

4

3

2

4

2

2

2

2

2

The XRD evaluation of the phases present after heat treatment of the powder
mixture at 1200 °C for 2 hours can be seen in Figure 7. The crystalline phases
detected were a- and ß-silicon nitride, low quartz and yttria. No BN was detected.
The same phases were found in the reference sample before heat treatment. (Some
remaining quartz is present in the glass.) If the atmosphere was governed by the
12

fumace, i.e. an oxygen partial pressure of 10" bar, the phases at equilibrium can
be obtained form Table 1. No BN or any other species should be formed under
these conditions, instead Si N should be oxidised and increase the Si0 -amount of
the glass melt, causing some of it to crystallise. In the heat treated sample silicon
nitride is still present, which could mean that 2 hours at 1200 °C not is enough to
reach equihbrium in the sample. A complementary heat treatment was done with
3
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the powder rnixture encapsulated in the glass, in order to facilitate creation of a
local' atmosphere not determined by the furnace. Still no reactions could be
detected in the diffractograms. Reasons for this discrepancy from the equilibrium
compositions (BN, Si02 and Si N 0 according to Figure 5), could also be of a
kinetic nature. The high viscosity of the glass and the relatively low temperature
could make the reactions too slow. If the reaction is slow only limited amounts of
product phases are formed. If,forexample, a layer of BN with a thickness of 1 nm
is formed on the sub-micron particles of sihcon nitride, the amount can be
estimated as less than one percentage, too low to detect as well as too thin to
diffract X-rays.
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Figure 7. XRD curve of a mixture of sihcon nitride and glass, heat treated at 1180
°C for 2 hrs. a stands for a- S13N4, q stands for low quartz, b standsforß- Si N4,
Y stands for Y 0 and A stands for Al (from the sample holder).
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Figure 8. XRD curve of a mixture of silicon nitride and glass, HIPed at 1750 °C,
1600 bar, 4 hrs. SON stands for Si N 0, c stands for low cristobahte, YNA stands
for Y,N - apatite and A stands for Al (from specimen holder).
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The phases of a powder mixture after a HIP-densification cycle, 1750 °C, 4 hours
and 1600 bar, analysed at room temperature, are presented in Figure 8. Here the
reaction speed should be much higher compared to the situation at lower
temperatures. None of the original phases were detected in the XRD but the sample
had reacted forming the crystalline phases sihcon oxynitride, BN, low-cristobalite,
and possibly yttrium-nitrogen apatite. A glass phase is also seen in the XRD-chart.
When this is compared with the theoretical calculations (see Figure 6, mole ratio
2.2) the only discrepancy is the presence of crystobalite. This phase was probably
formed during cooling since a comparably low cooling rate was used, 140 °C /
hour, which can give time for crystaUisation from the borosihcate melt ( with the
composition much drawn towards the S1O2richside).
The yttria has not been included in the theoretical calculations. Tests with yttria
added to the system and with yttria thermodynamic data from SGTE, gave no
changes in the results for the lower temperature range. However, thermodynamic
data for the activity of yttria in the hquid are not known. At the early stage of heat
treatment, for example when pressure is apphed, the activity of the yttria in the
liquid can be regarded as relatively low due to its high melting temperature.
Summary and conclusions
Theoretical calculations predict that with the studied system of sealed
encapsulation glass and ceramic material, BN should be formed at the temperature
of pressure apphcation in the HTP-cycle. No BN peak was detected after heat
treatment but the XRD peaks are overlapped by peaks of other phases present in
the studied system which hmits the detectability. The high viscosity of the hquid
phase for the chosen glass system as well as the relatively low temperature could
also retard the reactions and give a non-equihbrium situation. Nonetheless, BN is
thermodynamically stable in the studied system even at the low temperature for
pressure apphcation. Even a very limited formation of BN, just some atom layers,
may influence on e.g. the wetting properties. This knowledge leads to the need of
further studies on a sub-micron level, to leam if chemical reactions are playing a
role at the interface between the encapsulation glass and the sihcon nitride.
At the temperature of HIP densification the glass - SisN system reacts to form BN
and oxygen containing phases like Si N 0 and S1O2 - B 0 melt. No phases present
in the original powder mixture remained after the completed HIP-cycle. This result
was supported by the theoretical equihbrium calculations. At this higher
temperature the speed of the reactions is much increased and the viscosity of the
glass is lower. When a sihcon nitride specimen is encapsulated in a borosilicate
4
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glass and HIPed, Si N 0 is detected at the surface of the dense specimen (14). This
also imphes BN formation.
2

2

The chemical reactions and thereby the phases formed are very much dependent on
the temperature and time, the atmosphere and the relative amount of the glass and
the sihcon nitride. A gradient in the composition across the interface between
encapsulation glass and the Si3N-ceramic in a HIP charge, means that local
equihbrium situations are formed. The temperature - time schedule of the HIP
cycle is of great importance. Factors such as when the fumace atmosphere is sealed
off, the progress of densification such as closing of the open pores in the ceramic
and also the total reaction time will be of importance regarding the relative
amounts of phases present at the interface and thus the final quality of the asHIPed surface.
4

Appendix
Phases are detected according to the following files: a- S13N4, ASTM 9-250;ßS13N4, ASTM 33-1166; low quartz, ASTM 33-1161; low cristobahte, ASTM 11695; Si N O, ASTM 18-1171; Y203, ASTM 25-1200; Y,N-apatite
(Y10Si6O24N2), ASTM 30-1462; BN, ASTM 34-421.
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Ultra-micro indentation techmque used for examination of mechanical
properties close to a HIPed surface of silicon nitride.
A K Westman, M V Swain*, T J Bell*, A Bendeli*
Dept of Materials and Manufacturing, Luleå University of Technology, S-971
87 Luleå, Sweden
* CSIRO, Div. of Apphed Physics, Lindfield, NSW 2070, Australia
Abstract
Ultra-micro indentation using both pointed and spherical tipped indenters has
been used to characterise mechanical properties of silicon nitride densified by
glass encapsulated hot isostatic pressing (HIP). Young's modulus and hardness
have been studied as a function of distance to the interface between sihcon
nitride and the encapsulation glass. The Young's modulus values are 10 to 20
% lower in the very vicinity of the silicon nitride surface compared to bulk
values. At distances of 75 to 150 microns from the glass - silicon nitride
interfece, bulk values are measured. The differences in hardness values
between the region close to the surface and the bulk is less pronounced. A
possible explanation for these gradients isformationof new phases at the
surface of the sihcon nitride. Routines for the cahbration of both the pointed
and spherical tipped indenters are presented.
Introduction
Since structural ceramics in general have high hardness, are wear resistant and
can withstand high temperatures they are not easily machined. This implies that
high costs are involved in machining of structural ceramics after densification.
To mmirnise or, even better, eliminate the need for machining of dense
ceramics several issues have to be taken into consideration. One elementary
demand is to be able to densify a powder body of desired component shape.
When this is possible the shrinkage during densification has to be controlled. It
has to be reproducible and predictable. The shape stability during processing,
from green body to dense ceramic, is also essential. The glass encapsulated
HIP process has a strong potential to meet these demands. Dense components
of complicated shape can be produced*. With rriinimised or eliminated
machining of the densified component, the quality of the surface region and the
'as received' surface are of primary importance. The surface is often the part of
the component exhibiting the highest stresses and subjected to the most severe
environment. The focus of the present study is the evaluation of possible
gradients in the mechanical properties as a function of distance to the 'as
HJJPed' surface. The ultra-micro indentation technique was chosen for this
investigation since it provides a method suitable for evaluating gradients in
mechanical properties over rather short distances.
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A model system of ceramic and encapsulation glass was chosen. The model
system contained silicon nitride, one of the more important structural ceramics,
and borosihcate glass which is known to be used as encapsulation glass for
sihcon nitride. To the sihcon nitride has been added 3 w/o of yttrium oxide as a
sintering aid. Since the encapsulating glass is in intimate contact with the
surface of the ceramic component it might have an influence on the resulting
surface properties. Therefore, three different compositions of the borosihcate
glasses were used to detennine the influence of glass properties without
introducing new elements into the system. A more thorough description of the
model system used is given in reference^.
In the HEP process the charge is heated at ambient pressure to a temperature at
which the glass is soft enough for pressure apphcation. After pressure is
apphed, the heating is continued with subsequently increasing pressure until the
peak temperature and pressure is reached. The present study examines the
mechanical properties of samples after a complete densification cycle.
Micro indentation is a technique for evaluation of material behaviour under
stress with only a hmited amount of material involved in the measurements. A
load is applied to the material via an indenter and the material response is
recorded. With the ultra-micro indentation technique, the load can be less than
1 mN, which may result in imprints in the range of fractions of a micrometer.
This means that mechanical properties such as hardness and Young's modulus
can be determined for very small volumes of materials; for thin films or for
different phases in a composite. When ordinary nucro-indentation is used, the
material response is calculated as the projected area of the remaining imprint
by measuring the diagonals of the imprint using a microscope. The same
techmque cannot be used with uhra-micro indentation imprints due to their
small sizes. Instead, the depth of the indentation is used to detennine the size of
the imprint. Penetration is continuously measured and registered during the
experiment as a function of load applied. There are several commercially
available instruments for this type of measurement. In this work the UMIS2000 has been used and reference^ gives a detailed description of the
apparatus.
During the last decade there has been continual progress and discussions on
how to interpret the data from the load - displacement test results and translate
them into conventional mechanical properties. Basic theories have been
presented and equations estabhshed for calculating e.g. hardness and Young's
modulus, see e g references'*"?. Despite this progress more fundamental
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information such as the stress - strain behaviour of the material during
deformation with pointed indenters is not fully understood, especially for hard
materials such as ceramics. The spherical shaped indenter with its axisymmetric contact results in a simpler elastic - plastic deformation pattern
including an initial elastic response prior to yielding that is more easily
described. With all these methods of indentation, some correction factors such
as indenter tip cahbration are involved in the actual analysis, because of the
non perfect form of the indenters. At present, the ultra-micro indentation
techniques are often used for comparison between similar materials and less as
an absolute measurement of a materials behaviour. Here the results with a
pointed Berkovich indenter have been compared with those of a spherically
tipped indenter, which may be considered as a reference.
Moreover, in the appendices "Notes on corrections', A and B are discussed
equations and corrections used for the calculations.
Experimental
The hot isostatic pressing densification parameters for the samples in this study
were 1750 °C, 160 MPa with a hold time of one hour. Densified samples are
examined both with and without glass encapsulation remaining on the outside
of the specimen. Bulk samples, not exposed to the encapsulation glass, were
examined for comparison.
In table 1 is shown the combinations of the different samples and
corresponding encapsulation glasses. The boron oxide / silicon dioxide ratio
differs between the different glasses and some glass characterisation is also
shown in the table. After densification sample (I) still contained 10% porosity
and the two other samples, (II) and (III), had densities greater than 99 % of the
theoretical density.
Table 1.
Sample Ceramic material

Encapsulation glass
B2O3 / Si0

Viscosity, 1450°C
> 10 - dPas
n.d.

2

(D
(ID

Si N (3Y*)
Si N (3Y*)

30%/70%
50%/50%

(HI)

Si N (3Y*)

60 % / 40 %

3

4

3

4

3

4

4

5

2

8

10 - dPas

* 3 w/o Y2O3
n.d. means not determined
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The densification parameters used give microstructures typically built up of
mainly equiaxed grains in the size of 0.2 - 0.6 microns with some more
elongated grains.
The samples were prepared in the following way for indentation tests.
Specimens were cut and moulded in bakelite before grinding and pohshing. For
the grinding steps sihcon carbide papers were used down to 1600 mesh. The
pohshing steps consisted of long duration on a steel and subsequently tin lap,
with diamond grit of three microns size. This gave a sample with a flat surface
and limited curvature at the edges. The specimens were given a short final
polish of approximately 15 seconds on paper with a one micron diamond grit
slurry.
Indenters of two different geometries were used in the present tests. One
indenter was the commonly used Berkovich indenter, with a triangular cross
section and a face angle of 65.3°. The other had a spherical shaped tip, with a
nominal radius of 10 microns. The results from the two indenters were
compared in order to establish the universality of the information of the region
of interest, i e close to the glass - silicon nitride interface.
As there is not yet general agreement on how to interpret the force displacement data achieved, a brief description of the equations and
assumptions used for the calculations in this work is given in the appendices.
The indentations with the Berkovich indenter were preformed with a maximum
load of300 mN and a contactforceof 0.3 mN. The number of load increments
were 30 and the same for unloading. Figure 1 shows typicalforce/ penetration
curves from these tests. The hardness and Young's modulus were calculated
according to appendix A. The indentations with the spherical indenter were
performed with a somewhat different loading pattern. The tests were built up of
loading / unloading steps where each unloading step was 50 % of the previous
load. Typical force / penetration curves for these tests are shown infigure2.
The maximum load was 500 mN and the contact force 0.5 mN. The hardness
and Young's modulus calculations are given in appendix B.
A discussion on the corrections for initial penetration, tip discrepancy from
perfect sharpness or sphericity and compliance of the measuring system,
beneath the depth-sensing device is given in appendix "Notes on corrections'.
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Figure 1. Load - penetration plot, Berkovich indenter. Five different
penetrations in the same plot, each buih up of 30 load increments for both
loading and unloading.
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Figure 2. Load - penetration plot, spherical indenter. Five different penetrations
in the same plot. Each penetration built up of loading / unloading steps with the
unloading step 50 % of the previous load.
Results of measurements

The Berkovich indenter was used for measuring the silicon nitride specimens
densified with different encapsulation glasses. The Young's modulus, as a
function of distance from the interface between the encapsulation glass and
sihcon nitride, is shown infigure3. Five to ten indents were made at each
distance. The standard deviation is shown as bars and is mostly within the dot
size. Two different measurement series on material (II) are included in the
figure to show that some discrepancy was obtained between different series.
However, the trends for the different materials are the same. Gradients are
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present with a decrease of 10 - 20 % in Young's modulus close to the interface
compared to the bulk values. The values approach the bulk data at a distance
of 75 to 150 microns from the interface. It is obvious that the porous material
(I) shows much lower absolute values compared to the materials densified with
the other glasses. These values also show a somewhatflatterappearance close
to the edge compared to the other materials but the decrease compared to the
bulk is the same.
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Figure 3. Young's modulus in silicon nitride as a function of distance to the
interface towards the encapsulation glass, Berkovich indenter. For specimen
details, see table 1.
Although the imprints are only a few microns wide, a sample was prepared to
examine if the determined gradients were only edge phenomena, caused by the
lower stiffness of the supporting material present at the edge. Bulk sample, cut
after densification, were indented closed to the cut edge. The results are shown
infigure4. A slight gradient might be present below 75 microns, but not in the
same range as the material with its interface towards the encapsulation glass,
figure 3.
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Figure 4. Young's modulus in bulk silicon nitride as a function of distance to a
cut surface, two different measurements, Berkovich indenter.
Hardness as a function of distance to the interface is shown infigure5. Here
only very limited tendencies can be detected. The porous material (I) shows
some variations in hardness where the values are somewhat lower close to the
edge. Also the dense material (II) shows the same appearance but material (III)
seems to have similar values in the bulk and close to the interface.
For the reference bulk material,figure6, no gradients in the hardness values as
a function of distance to the sample edge is shown. Here one of the series
showed a rather large standard deviation.
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Figure 5. Hardness in silicon nitride as a function of distance to the interface
towards the encapsulation glass, Berkovich indenter. For specimen details, see
table 1.
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Figure 6. Hardness in bulk silicon nitride as a function of distance to a cut
surface, two different measurements, Berkovich indenter.
These results can be compared to those achieved with the spherical indenter.
Figure 7 shows the Young's modulus values achieved with a 10 micron radius
sphere.
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Figure 7. Young's modulus in silicon nitride as a function of distance to the
interface towards the encapsulation glass, spherical indenter. For specimen
details, see table 1.
Material (I) is represented by two different series with complimentary values.
Every dot represents a mean value of five indents except series la with just one
value for each dot. Again there is a gradient in the Young's modulus with bulk
values reached at 75 - 150 microns from the interface. Material (I) shows a less
pronounced plateau in the values than the Berkovich measurements. Infigure8
the corresponding hardness values are shown. The results correspond well with
the ones achieved using the Berkovich indenter.
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Figure 8. Hardness in silicon nitride as a function of distance to the interface
towards the encapsulation glass, spherical indenter. For specimen details, see
table 1.
Discussion
In these tests with a very limited indentation depth, the influence of sample
preparation must be taken into consideration. Although there may indeed be
some microcracks associated with the pohshing, the depth of the plastic zone
and size of the impression is far greater than the depth of penetration. With the
indenter size of 10 microns and an indentation of about 1 micron the contact
diameter will be several microns. This will result in the volume of mateiral
under the indenter being quite large compared to the approximately 1 micron
affected by surface pohshing. In addition the hardness values measured at
various locations indicated no influence of indenter load or depth of
penetration, hence it is considered that the effect of any minor dislocations /
microcracks present is not significant. Also the fairly good agreement between
the Berkovich and spherical indent results although the different strain
situations under these indenters, indicate that the effect of surface preparation
on the results could be negligible.
Both the measurements with the Berkovich and the spherical indenter have
revealed gradients in Young's modulus to a distance of 75 - 150 microns into
the bulk. The influence of the edge giving less support has been illustrated by
the cut bulk sample. A small gradient was detected but not in the same range as
the glass / silicon nitride surface samples. The imprints are only approximately
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1 micron in depth and 4-5 micron in width and it is unlikely they should be
influenced by the edge 50 to 100 microns away.
One reason for the gradients might be an mfütration of the encapsulation glass
into the ceramic specimen. No differences in the gradients were found for the
tested different glasses. Earlier studies with WDS in SEM have shown an
increased amount of boron at the HIPed surface down to a depth of 20 to 150
microns into the bulk, with the same results for samples with the different
encapsulation glasses. Assuming glass infiltration, the surface region could be
regarded as a composite. The Young's modulus for a mixture of different
phases can be calculated according to Voigt, assuming the strain in each
ænstituent is the same or by Reuss, assuming the stress in each phase is the
same. These two models give lower and upper bounds for the elastic moduli^ .
If the reduction in Young's modulus was caused by the lower Young's modulus
of the glass (70 MPa), the amount of glass needed for a 20 % reduction in
modulus is calculated to be between 7 % and 26 %. However, in SEM studies
it has not been possible to detect any significant differences between the
microstructure in the surface region and the bulk and no evidence for a large
amount of glass has been found. Still, due to the similar element composition of
the encapsulation glass and the silicon nitride material and because of the
predominance of light elements, the SEM studies cannot be considered as
definitive.
8

Another possible reason for the lower values could be cracking. Irrespective of
their origin, cracks give lower values in the mechanical properties. If there is
glass in the ceramic structure, a difference in thermal expansion coefficient
between the glass and the ceramic could cause stresses during cooling and
hence crack formation. But these differences are quite small (in the range of
some units 10"^ K"*) and hence not creating stresses large enough for crack
formation. Depending on the technique for elimination of the encapsulation
glass from the ceramic surface, different degrees of mechanical damage might
be created in the surface region. However, in these tests the encapsulation glass
has not been removed from the sihcon nitride surface.
The influence of porosity on the modulus values is demonstrated in the test
results for the porous sample I . A porosity of 10 % is enough for a 20 %
reduction in modulus^ which was found for the bulk value of sample I .
However, SEM-studies of the dense samples have not given any evidence of
increased porosity in this range close to the interface.
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A more plausible explanationforthe gradients in mechanical properties is the
formation of new phases at the interface. Westman et al* have found that
sihcon oxynitride and boron nitride are thermodynamically stable in a mixture
of silicon nitride in contact with borosilicate glass at COTditions of silicon
nitride densification. They also show that these phases are actually formed in a
sample mixture of glass and silicon nitride at the peak temperature in a HIP
cycle. Moreover, the sihcon nitride samples in the present tests were analysed
by X-ray diffraction on the surfaces after glass ehmination (soft bead blasting).
Sihcon oxynitride was easily detected and a rough estimation of the amounts
was 30 - 50 v/o. It was not possible to detect any boron nitride peak. However
as the main peak is overlapped by a sihcon nitride peak, the presence of BN
can not be excluded. A material similar to sample HI has been grinded in small
steps to a depth of 500 microns from the surface with XRD-measurment at
each step 2 This study showed a silicon oxynitride gradient to a depth of 150 200 microns. In the literature there are different values reported for Young's
modulus of sihcon oxynitride. Larker** gives a value of 288 GPa for a
material of 91 % sihcon oxynitride and 9 % sihcon nitride. Work with oxide
additives reports lower values. Billy et al* obtained a value of 220 GPa for
silicon oxynitride with 5 w/o yttrium oxide. With the value of 220 GPa, the
upper and lower boundaries for a mixture of 50 % silicon oxynitride and 50 %
silicon nitride is 257 and 265 GPa. Thus, this silicon oxynitride formation in
the surface region can explain the gradients in mechanical properties. Boron
nitride has a very low Young's modulus, 35 GPa, and will consequently
influence in the same direction. The hardness of sihcon oxynitride densified by
HIP is reported by Larker* *. He found for materials containing above 85 %
sihcon oxynitride (the rest was a- and ß-silicon nitride) values comparable
with the hardness of HIPed silicon nitride with 2.5 w/o Y2O3. Boron nitride
formation will decrease the hardness.
0

2

For the correction of the imperfectly shaped Berkovich indenter tip an area
relation was used, see appendix "Notes on corrections'. A J ^ Q ^ (from known
values of Young's modulus for a reference material) and A
j ] (perfect
tip geometry) was plotted against the contact depth. This gives improved data
analysis especially for measurement of small penetration depth.
m e o r e t

c a

Conclusions
Mechanical properties in sihcon nitride as a function of distance to the
interface towards the encapsulation borosihcate glass have been studied. The
gradients calculatedfromthe indents made by the Berkovich and the spherical
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indenter are in good agreement. Young's modulus shows a reduction of 10 - 20
% close to the interface and bulk values at a distance of 75 - 150 microns.
Gradients in hardness values are less pronounced.
The measured gradient in Young's modulus cannot be explained by the edge
giving less support since a bulk sample, cut and measured close to the edge,
only showed a minor edge effect. A plausible explanation for the gradients is
formation of new phases. The amount of S12N2O found at the surface of the
sihcon nitride specimen is enough to decrease the value of Young's modulus in
the range found. Also detected depth of the S12N2O gradient in similar
samples corresponds well with the depth of the gradient in Young's modulus.
Notes on corrections
The expressions used for the pointed Berkovich and spherical tipped indenters
assume a perfect indenter shape. However, it is impossible to achieve a perfectly
sharp indenter tip and the anisotropy of a diamond single crystal prevents the
achievement of perfect sphericity. Hence, there is a need for procedures to correct for
these imperfections. In the present work fused silica is utihsed as a reference
material to establish the tip cahbration. It is an isotropic amorphous material with
known elastic modulus and Poison's ratio.
For the spherical indenter a reference measurement with fused silica was used to
create a look up table for correction factors as a function of different depth. The
known Young's modulus of silica is used to calculate the radius of the indenter. The
Hertz relationship for elastic contact of a sphere into an elastic half space is;
1/3

2/3

8 = (9/16) (P/E*) (1/R)

1/3

ecruation(l)

where 8 is total depth of elastic penetration, (see figure Bl) P is the load and E is
the composite Young's modulus (see equation A5, appendix A). With known 8, P
and E* the indenter tip radius can be estimated. When this is calculated for different
loads, for different contact depths, h (seefigureBI), a tip radius versus contact
depth plot is obtained Figure 9 shows an example of the estimated or effective tip
radius versus contact depth for a spherical indenter with a nominal radius of 10
microns. The raw data is analysed using this changing value of radius in the
calculations of hardness and Young's modulus. This analysis procedure is
automatically performed using the UMIS software.
p
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— Details —
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Figure 9. Estimated tip radius as a function of penetration (spherical indenter).
There are a number of methods whereby corrections for the tip imperfections in the
Berkovich indenter may be performed One of the procedures adds to the measured
depth a small depth equivalent to material 'missing' at the tip due to bluntness. The
routine is based on the theoretical square root force versus depth relation, VP ~ h,
valid for an ideally sharp indenter assuming the hardness of the reference material is
a constant (derivedfromequations Al and A2 in appendix A). A known material is
tested, load P and total measured penetration h is plotted in a diagram and an
equation,
VP = kh + ho

equation (2)

isfittedto the data points. From this expression hj, is a measure of the additional
depth which should be added to the measured depth. The corrections are relatively
large for smaller depths when compared to total penetrations. This method was
found to give less satisfactory corrections, probably due to the assumption of constant
hardness.
Another method was presented by Oliver and Pharr^ where the contact area A is
determinedfromthe measured compliance dh / dP of a material with known Young's
modulus (see equation A4, appendix A). Values obtained for A (for different loads)
are plotted against various contact depth, hg, and a polynomial AQi^ isfittedto the
curve. In the present work the same approach is taken but an area ratio compared
with a perfectly formed indenter instead of the contact area is plotted as a function of
contact depth. The indenter of interest was used to create indents with a range of
different maximum loads on the fused silicareferencematerial. The load penetration relations were estabhshed and the depths 1^ were determined Equation
(3) gives the theoretical (for a perfect indenter geometry) areas, A^e^.^, for
different depth.
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A= K*h

2

equation (3)

c

where K is 24.56 for a Berkovich geometry. Another area, AJ^Q^, was calculated
by using the known value of Young's modulus for the reference silica. The area ratio
known I ^theoretic
plotted against contact depth, \ (see figure 10). A power
law relation wasfittedto the data points below 800 nanometers. The equation for the
line is
A

w a s

y = 18.933 x -0-4455

equation (4)
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Figure 10. Area ratio (actual contact area / theoretical contact area) as a function of
contact depth (Berkovich indenter).
Penetrations deeper than 800 nanometers result in a ratio of ~ 1. The area to be used
in the equation for hardness and Young's modulus calculations, equations (Al) and
(A4), appendix A, is determined with depth 1^ and the area ratio equation. Figures
11 and 12 show the resulting hardness and Young's modulus for fused silica
calculated according to this procedure. This correction technique gives improved
data analysis especially for measurement of small penetration depth compared to the
techmque with only contact area - contact depth plot.
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Figure 11. Hardness as a function of maximum force in fused silica as estimated with
the equation derived from the relation in figure 10 (Berkovich indenter).
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Figure 12. Young's modulus as a function of maximum force in fused silica
estimated with the equation derived from the relation in figure 10 (Berkovich
indenter).
Another factor which has to be taken into consideration for depth corrections is the
initial penetration at the near zero contact force (the minimum force the instrument
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can measure). The load - depth curve has to be extrapolated back to zero load to
detennine the point of zero penetration. This is done by using an optimised
regression analysis of a simple power law fit of a chosen number of the initial data
points and then extrapolating it to zero load There is a choice in the software to
select the number of points the hne fit should take into account. Eight data points
have typically been used in the initial penetration calculations for this work.
The third correction of the raw data takes into account the compliance of the
measuring system. For the measurements with the spherical indenter a value of 0.15
nrn/mN was found to be suitable. The compliance correction for the Berkovich
indentation was experimentally determined. This was done according to a method
4

presented by Doerner and Nix . A plot of dh / dP against 1 / hj. will, according to
the theory, give a straight line and the intercept at the y-axes is the compliance.
Experimental data in this work with the fused silica samples did not give a perfect
straight line. With increasing hp values, lower intercept values were achieved
Reasons for this could be roughness or lack of flamess of the surfaces involved or
intermediate layers with more or less stiffness. In the calculations for the fused silica
the intercept was determined by using the highest h- values (lowest 1/h-) since the
compliance is probably measured with greater reliability at higher loads. This routine
results in a compliance correction of 0.2 nrn/mN with the Berkovich indenter on
fused silica. This correction also resulted in reasonable values for the parameters
calculated
In the Berkovich tests on the silicon nitride samples, which had a somewhat rougher
surfacefinish,only a limited number of different loads were used and no accurate
determination of the intercept could be achieved In this instance a machine
compliance value of 0.00 rnm/mN was chosen. The calculations gave Young's
modulus values for the dense bulk material in relatively good agreement with known
values for dense silicon nitride. Even if a more thorough determination of the system
compliance had been made, the trends or relative values of Young's modulus or
hardness would not have changed since the same maximum load and indenter tip
were used in all tests.
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Appendix A, Calculation Berkovich indenter
Properties measured with the Berkovich indenter were calculated in the following
way:
The hardness was calculated using
H = P/A

equation (Al)

where H is the hardness, P is the indenter load and A the projected area of the
contact surface given by,
A= K*h

2

equation (A2)

c

where K is a constant dependent on the indenter geometry, 24.56 for Berkovich, and
h- is the contact depth (seefigureAl).
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Figure Al. Force - displacement curve and cross section of the impression at
maximum load and upon unloading (Berkovich indenter) ^.
1

The depth

is defined as

\ = h - 0.75 (pmax / (dP/dh))
,the parameters being defined infigureAl.
The Young's modulus was calculated according to the relationship
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equation (A3)

E * = kxdP/dhx I / V A

equation(A4)

k is a constant, the value 1.034 * 2 / VTC being used for the Berkovich indenter (see
13

King ),
dP / dh is the slope of the load - displacement curve at the beginning of unloading
(see figure Al), E * is the composite modulus (specimen + indenter) and the
following relation being used to calculate the modulus of the specimen.
1 IE* = (1 - v

2

2

) / E + ( 1 - Vj ) / E j

s

equation (A5)

s

where s and ireferto specimen and indenter respectively.
For a more detailed analysis underlying these relations for hardness and Young's
14

modulus, see Mencik and Swain .

Appendix B, Calculation spherical indenter
Data from the spherical indenter were analysed in the following way:
The hardness was calculated as Meyer's hardness, HM, i e mean pressure over the
circle of contact,
HM = P / 7 i a

2

equation (B6)

where P is the indenter load and a is the radius of the contact circle.
Therelationbetween a and the penetration is given by
2

a = (2Rh -h )
c

1 / 2

equation (B7)

c

R is the radius of the indenter tip and 1^ is the contact depth component of the
penetration, given by
\ = (h + h ) / 2
t

equation (B8)

r

where h is total penetration and h is the residual impression depth (see figure BI).
t

r

The Young's modulus is given by the expression
E* = 3/4xP/(ax5)

equation (B9)
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developed from the Hertz equation for elastic contact of a sphere on a plane or into a
spherical cavity. 8 is the elastic depth recovery h - h (see figure BI).
t
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Figure BI. Force - displacement curve and cross section of the impression at
maximum load and upon unloading (spherical indenter) ^ .
Reference^ provides a thorough discussion of the relations given above.
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Interaction of encapsulation glass and silicon nitride ceramic during
HIPing
Anna-Karin Westman and Hans T. Larker
Dept. of Material Science and Production Technology, Luleå University of
Technology,
S-971 87 Luleå, Sweden
Abstract
Interaction between ceramic compacts and the encapsulation glass during the
HIP process has been studied in a model system of silicon nitride and
borosilicate glass. Attention has been focused on what happens when the
pressure is first applied in the HIP-cycle, i.e. between about 1200 and 1500
°C. At this stage the pore system of the ceramic green body is still rather
unaffected by sintering. The model system was characterised to evaluate a
possible viscous flow of glass into the green body. Two glass compositions,
one with high and one with low viscosity were used, measurements being made
of their viscosity and their contact angle on the nitride. Applying Darcy's law it
was predicted that the encapsulation glass with the lowest viscosity should
penetrate about 1200 microns into the still open pore structure at 1450 °C, but
this was not observed experimentally. In the calculations no chemical reactions
were assumed to take place. However, increases in hardness of heat treated
mixture of glass and sihcon nitride powder indicates that nitrogen dissolves in
the glass. It is known that nitrogen increases the viscosity of the glass and this
would result in a more limited glass intrusion. After HIP the surface region of
the dense ceramic exhibited a phase composition gradient of silicon oxynitride,
down to approximately 100 - 200 microns into the bulk.
Introduction
In most applications of ceramic materials the surfaces are of great importance.
The surface of a component is usually exposed to the largest stresses, the
highest temperatures and the most severe abrasion. Since machining of dense
ceramic materials is time-consuming and costly it is essential that the need for
machining is nuhimised. Hence the quality of the as-processed surfaces is
critical. During glass encapsulated, hot isostatic pressing (HIPing), which can
be used for complicated shapes with good reproducibility of final density (1),
the encapsulation glass and the porous ceramic green body are brought into
mtirnate contact and possible glass / ceramic interaction might be crucial for
the surface quality of the densified component. In the present work - to obtain a
better understanding of possible interactions between glass and ceramic - a
model system of borosilicate encapsulation glass and silicon nitride with yttria
as a sintering aid has been studied.
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In an earlier investigation of the same model system attention was focused on
possible chemical reactions taking place between the glass and the ceramic (2).
Powdered mixtures of sihcon nitnde and borosihcate glass were heat treated
and the samples were evaluated with X-ray diffraction (XRD). After heat
treatment at temperatures typical of those at which pressure is first apphed
during the HIP cycle, no chemical reactions could be detected although the
theoretical calculations predicted boron nitride formation. Limited amounts of
boron nitride, below the limits of detectability of the XRD technique, may have
formed but it is also expected that the reaction rates are low at these
temperatures. At 1750 °C, a temperature typical for the densification stage of
the HIP cycle, the system reacted to silicon oxynitride and boron nitride in
accordance with the theoretical calculations. In another study of this
glass/ceramic combination gradients in mechanical properties close to the
glass/ceramic interface of a HIPed compact were investigated (3). A reduction
in Young's modulus was observed within 150 microns of the interface.
In this present study the possible viscous flow of the encapsulation glass into
the porous green body of sihcon nitride was investigated. The conditions of
interest are those of the early part of the HIP cycle, when the pressure is first
applied and the temperatures is in the range 1200 - 1450 °C i.e. when the glass
is soft and gas tight but the pore system of the ceramic body is still open and
has not to any significant extent been affected by sintering.
Methods
A model system of sihcon nitride and borosihcate glass was chosen. The sihcon
mtride (Siconide P95 from Permascand AB, BET 8.9 m /g) was prepared with
3 w/o yttrium oxide as a sintering aid. In order to create different
characteristics of the green body ceramic surfaces, two different forming
methods were selected, firstly, injection moulding and secondly, cold isostatic
pressing (CIP), 300 MPa, followed by machining. The ceramic compacts were
in the form of cubes with dimensions 10 x 10 x 10 mm . To vary the glass
characteristics without introducing any new species, two different compositions
(i.e. different S1O2 I B2O3 ratios) of borosilicate glass were prepared (see
2

3

Table 1). They were produced by mixing the oxides, heat treating at 900 °C in
argon for 24 hours and finally crashing. Since boron oxide and the boron
containing glasses are hygroscopic, pre-heating to eliminate water was
sometimes necessary.

92

Table 1. Glass compositions
Glass I
Glass III

70 w/o Si0 and 30 w/o B 0
40 w/o Si02 and 60 w/o B2O3
2

2

3

The glass encapsulation was applied by a proprietory technique. The HJ.Pcycle, employing an argon pressure medium, involved a temperature increase to
1180 - 1200 °C and a hold time at this temperature of one hour during which
the pressure was increased to 130 MPa. After this the temperature was raised
at 600 °C / h to a maximum of 1750 °C while the pressure was raised to 160
MPa. The hold time at maximum temperature was one hour. Some cycles were
interrupted at 1180 - 1200 °C.
In order to be able to compare the experimental observations with theoretical
estimates of possible viscousflow,it was necessary to have information on the
relevant properties of the glass as well as some characteristics of the pore
system of the silicon nitride. The glass viscosity was determined by heating the
glass until a substantially bubble free melt was obtained and then measuring
the viscosity by a rotating cylinder viscometer as a function of decreasing
temperature. The wetting angles of the glasses on silicon nitride were
determined in an argon atmosphere at 1075 - 1080 °C using green compacts of
sihcon nitride as substrates.
The pore size distributions of the silicon nitride green bodies were determined
for pore sizes from 14 urn down to 0.011 urn using mercury porosimetry. The
surface tension of mercury was set to 484 dynes / cm and the wetting angle to
140 °. This technique also gave an estimate of the porosity level of the green
body. Another way to characterise a pore system is to measure the
permeability. Since no standard method suitable for the ceramic specimens in
this study was available, a permeability test was devised and performed in the
following way. Glycerol, a fluid with known viscosity, was pushed into the
porous body for a certain time. The sample was broken and the distance of the
intrusion was measured. This was repeated with different hold times and it was
found that the intrusion length was proportional to the square root of time, see
Figure 1) consistent with Darcy's law (Equation 1) (4).
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Figure 1. Glycerol intrusion into a silicon nitride green body.
The permeability could then be calculated from Darcy's law:
v

AL = (B AP t / r)) *

Equation 1

where AL is the distance of flow, B is the permeability, AP is the pressure
difference, t is the time, and r\ is the dynamic viscosity.
Scanning electron microscopy (SEM) was used to study the microstructure of
the interface region between the glass and the ceramic. Samples from
completed HIP cycles as well as from interrupted cycles were examined.
Compositional gradients from the interface were examined using secondary ion
mass spectrometry (SIMS) with primary ions of oxygen on polished crosssections. The probe diameter was 100 microns and the steps 10 microns.
Gradients of phase composition were investigated using X-ray diffraction
(XRD). After HIP the surfaces of the samples were normally glass bead
blasted in order to remove carefully excess encapsulation glass. The samples
were ground in steps of up to 30 microns from this surface on 800 or 1200
mesh SiC paper. Estimates of the proportions of detected phases were made in
accordance with a method described by Mencik and Short (5).
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To investigate possible dissolution of nitrogen into the encapsulation glass
during HIP, hardness tests were carried out on powder mixtures of glass and
silicon nitride powder subjected to HIP conditions. Powder mixtures of glass
with up to 25 % of sihcon nitride were CIPed and heated in molybdenum
crucibles with argon as a protective atmosphere. The heating cycles were
interrupted at 1200 to 1500 °C, sometimes with a hold time at maximum
temperature. The fumace was than switched off, giving a cooling rate of
approximately 1000 °C / h down to 950 °C and 600 °C / h for the interval 950
- 500 °C. Sample sectioning for hardness evaluation was carried out with
water-free cooling and lubrication due to the solubility of boron oxide in water.
The hardness was measured using Vickers indentation with a load of 0.98 N
and a hold time of 15 s.
Calculation of viscous flow
Viscous flow of a Newtonian hquid in a porous body can generally be
described by Darcy's law (4) which imphes that the intrusion depth is
proportional to the square root of time. This general expression based on
studies of flow through a bed of approximately equal sized balls is given in
Equation 1. The intrusion tests with glycerol carried out in this work is
consistent with this linear behaviour (see Figure 1) and therefore yield an
estimate of the permeability of the green compacts. Thus, if the borosihcate
glass can be regarded as a Newtonian fluid, i.e. has constant viscosity for
different shear deformation rates, Darcy's law can be used to estimate the glass
intrusion.
Summarising earher studies on glass viscosities from many investigators, the
generalfindingis that the viscosity of glass melts is not a function of apphed
force or velocity of flow, implying that glasses are Newtonian hquids (6). One
work concerning soda-lime silicate glass at 655 °C reports a deviation form
Newtonian behaviour for low shear stresses namely below 0.05MPa, maybe
indicating some elastic deformation in the viscous glass before it starts to flow
(7). The maximum shear stresses when a liquid is pushed into a capillar occur
at the pore walls according to Equation 2,
T = -'/2*r*

AP/A1

Equation2

where T is shear stress, r channel radius and AP / Al the pressure drop over
intrusion length. In this present study, if only 1 nm is assumed to penetrate, a
pressure of 0.004 MPa give rise to shear stresses higher than the threshold
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value given above. If this Bingham behaviour exist it has a very limited
influence and is neglected in this study.
In later works another type of non-Newtonian behaviour of glasses is reported
for high deformation rates or high stress levels. A pseudoplastic or shear
minning response is found, meaning lower viscosity at higher deformation
rates. Most of the studies has been in the high viscosity range around 10** 10*^ P (e g 8, 9). The onset of the non linear behaviour occurs at higher strain
rates for higher temperatures and lower viscosities. Simmons et al (10) have
studied glass flow at low viscosities. They found the same pseudoplastic
behaviour for a soda-lime-sihca glass at as low Newtonian viscosity as 10^ P.
Very high shear strain rates had to be apphed for this to happen. (Critical
deformation rate was 7 s' for a viscosity of 10 P.) In the present work the
viscosities were even lower. Furthermore, the pressure increase rate was very
limited, 130 MPa / 30 minutes, which gives deformation rates on a much lower
scale. Thus, Newtonian behaviour can be assumed.
1

6

To estimate the intrusion using the Darcy law, the permeability has to be
detennined experimentally. There are alternative models that describe viscous
flow in a porous bed having a similar form to the Darcy model (i.e. with
intrusion length proportional to square root of time) but which attempt to take
into account the morphology of the pore system. Two of these were appplied in
this study as a comparison with Darcy's law. The first is that proposed by
Poiseuille (11), who studied laminarflowin a circular tube:
2

v

AL = (d APt/(32 r\)) \

Equation 3

where d is the diameter of the tube.
Kozeny (12) and Carman (13) described the laminarflowthrough a packed bed
as flow through a system of capillaries, the diameter of the capillaries being
described by the expression
d = 48/((l- )S ),
H

E

Equation 4

v

where djj is the hydraulic diameter, e is the porosity and S is the specific area
of the powder particles. This leads to the equation:
v

3

AL = (s AP
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tl (f p

2

2

2

(1-s) rj

v

S )) \
v

Equation 5

where f is around 5 (dependent on the particle geometry and the shape of the
capillary cross section).
Results and discussion
Due to the very high viscosity for Glass I it was impossible to get a bubble free
melt, even after a long hold time at 1450 °C. After 6 hours an approximate
viscosity at this temperature was determined to -n = 10*-5 dPas. The viscosity
of Glass III was measured from maximum temperature of 1515 °C and also
here it was difficult to obtain a completely bubblefreemelt. The viscosity temperature relation for Glass III is shown in Figure 2 and can be described by
the equation
T = B/(logT!+A) + T

Equation 6

0

with the constants B = 8547.0, A = 1.872 and T = -369.6. At 1200 °C the
0

3

6

viscosity of Glass III waslO - dPas. Values found in the literature (14) for
glasses of similar compositions to Glass I and III at 1200 °C are IO - and
10 - dPas, respectively.
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Figure 2. Viscosity of Glass III as a function of temperature.
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The wetting angle of the glasses are shown in Table 2. No significant
differences could be seen between the glasses. The wetting angle based on these
measurements can be set to 140°. Thus the glasses were non-wetting against
the ceramic material.
Table 2. Wetting angle at 1075 -1080 °C
Glass I
Glass
ffl
Mean (8 samples)

144°+/-16°
136 +/- 13
140 ° +/- 14 °
0

0

A typical pore size distribution for the powder bodies can be seen in Figure 3.
The injection moulded samples had only shghtly finer pore openings than the
CIPed samples. The d$o - values were 0.056 urn for the CIPed and 0.053 urn
for the injection moulded green bodies.
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Figure 3. Pore size distribution in green bodies of injection moulded and CIPed
samples.
SEM-studies of densified samples did not show any differences in
microstructure between the samples formed by the different methods. Some
samples encapsulated with Glass III showed a tendency to crack six to seven
microns from the edge and the sample encapsulated in Glass I exhibited some
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porosity. Figure 4 shows samples encapsulated in Glass III. The dense samples
revealed a lighter zone some two to three microns wide at the edge (Figure 4a).
In Figure 4b are shown micrographs of samples from an interrupted FflP-cycle.

Figure 4. HIPed silicon nitride; the sample was formed by injection moulding;
the encapsulation was Glass HI. a) completed HIP cycle (BEI), b) HIP-cyclé
interrupted at 1180 °C, 130 MPa (backscattered electron image to the left and
secondary electron image to the right).
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No clear evidence of glass intrusion could befound.However, due to the small
differences in average atomic numbers of the ceramic and glass and also
because of the fine pore structure, the possibility of glass infiltration cannot be
excluded.
The XRD measurements made in con junction with stepwise grinding revealed a
silicon oxynitride gradient in the sample encapsulated in Glass III (see Figure
5). The oxynitride content falls to values corresponding to the bulk content at a
depth of 100 - 200 microns.
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Figure 5. Sihcon oxynitride content as a function of distance form the surface,
(encapsulation Glass III).
SIMS analyse results are illustrated in Figures 6 and 7. Figure 6 refers to a
sample (CIPed, Glass I) heat treated at 1180 °C for one hour. The boron
gradient reached to around 200 urn into the ceramic. The yttrium gradient
penetrated to around 40 urn into the glass and minor amounts of other
elements, such as aluminium, were enriched at the interface. The results for a
sample exposed to a prolonged hold time of 12 hrs at 1200 °C, are shown in
Figure 7. Boron reached a depth of around 550 urn in the ceramic and yttrium
penetrated to around 275 urn in the glass. The boron content did not fall to zero
which might indicate boron transport through the sample. However, analysis of
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a dense sample as well as an untreated CIPed sample showed the same boron
content indicating that the bulk boron did not originate from the encapsulation
glass.
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Figure 6. SIMS profile across the glass/ceramic interface, (0.5 hours hold time
at 1180 °C, 130 MPa, encapsulation Glass I). The glass is to the left; the
arrow indicates the interface.
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Figure 7. SIMS profile across the glass/ceramic interface, (12.5 hours hold
time at 1200 °C, 130 MPa, encapsulation Glass I). The glass is to the left; the
arrow indicates the interface.
The boron gradient in this sample permitted the estimation of a diffusion
coefficient, D, for boron into the ceramic body. The parameter was calculated
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according to the thin-film solution to Fick's second law, assuming constant D:
c = a * exp(- x / 4 D t) / ( 2 ( TC D t ) )
2

1/2

Equation 7

where c is concentration, a is quantity of solute, t is time and x is the distance
from initial solute film. When ln c is plotted against x , the slope (- 4 D t)*
gives D. On this basis the diffusion coefficient for boron into the porous sihcon
2

1

12

2

nitride body at 1200 °C, 130 MPa was calculated as 2 * IO" m / s.
Viscous flow
Tests at room temperature with glycerol and CIPed sihcon nitride showed a
linear relation between intrusion length, 1, and square root of time t, permitting
an estimate of permeability according to Equation 1. The glasses were
considered to be Newtonian fluids. The equations 1, 3, and 5 were used to
calculate intrusion length with the following values of the parameters:
permeability =1.2 +/- 0.3 E-16 m , pore radius = 0.027 microns, porosity =
0.48, specific surface area = 8.9 m /g, density = 3.2 g/cm and f set to 5.
Table 3 gives the intrusion lengths for Glass III at 1200 °C, 130 MPa and with
30 minutes hold time before pressure application. The different equations are in
relatively good agreement. Darcy's law was chosen for the further calculations
since it utilises permeability obtained experimentally, while the other two
equations use indirect permeability estimates.
2

2

2

Table 3. Intrusion length for Glass III at 1200 °C, 0.5 h hold time with 1 MPa,
0.5 h pressure increase to final pressure 130 MPa. Estimated errors are +/- 10
% for thefirsttwo and +/- 12 % for the third one.
Darcy's law
Poiseuille's law
Kozeny-Carman's law

400 urn
350 urn
330 urn

The lowest eutectic temperature for sihcon nitride with the sintering aids used
in the model system can be set to approximately 1440 °C (15). Before that
temperature is reached the green body can be assumed to be little affected by
the sintering process. Above that temperature the glassy phase in the green
body affects the pore system and the densification accelerates. This makes
intrusion or penetration by the encapsulation glass much slower. Table 4 shows
intrusion depths calculated for different stage in the FflP-cycle, from 1200 °C
and pressure apphcation up to 1450 °C. The viscosity of Glass I was not
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determined for this temperature interval, but was higher than that of Glass III.
Calculated intrusion depths for glasses having viscosities 10 and 100 time
larger than that of Glass III are included in Table 4 for comparison.
Table 4. intrusion depth calculated with Darcy's law, different viscosity values.
Estimated errors in the figures are +/- 10 %.
At different stage in
the HIP-cycle
1200°C, 1 MPa
1200°C, 130 MPa
1300°C, 135 MPa
1400°C, 141 MPa
1450°C, 144 MPa

nGlass III
24 urn
400 urn
630 urn
960 urn
1200 urn

1 0

* nGlass III 100 * r i
8 urn
130 urn
200 um
300 pm
390 pm

G l a s s

m

2 um
40 um
63 um
96 um
120 um

The calculated intrusion depth at 1450 °C of approximately 1200 microns for
Glass III would become even deeper during the later part of the HIP-cycle,
even if a decreasing permeability and a probably stronger interaction with the
pore walls would limit the intrusion. However, property gradients found in
dense HIPed sihcon nitride indicate a much smaller penetration, e g mechanical
properties, 150 microns (3) or phase composition e g silicon oxynitride, 100 200 microns (see Figure 5). If Darcy's law (Equation 1) is valid, the
permeability is correctly determined and the applied pressure is known, then a
reduced intrusion velocity must be explained by an increased viscosity. Many
studies (eg 16, 17) of the glassy phase in sihcon nitride (e g yttrium silicate
glasses) indicate dissolution of nitrogen from the sihcon nitride into the glass.
Nitrogen in the glass leads to an increased cross-linking which produces a more
rigid glass. The presence of nitrogen leads to increased viscosity, lower eutectic
temperature and larger melting range. It seems reasonable to assume that
nitrogen could dissolve into the encapsulation glass and thereby increase its
viscosity during temperaturerise.In system studied here an increased viscosity
of approximately 101* dPas would be sufficient to explain a reduction of
intrusion to the range found in the dense material.
It has been shown that dissolved nitrogen in glass leads to an increased
hardness (17). The results of hardness measurements on the glass/silicon
nitride mixtures studied here heat treated at 1500 °C can be seen in Table 5.
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Table 5. Hardness, mixture of glass and silicon nitride, after heat treatment,
1500°C, lh, 150 MPa.
Material
Glass III
Glass III + 5 w/o S13N4
'Undissolved' grain (only 2 indentations)

HV0.Q8N (GPa)
2.6+/-0.1
3.0 +/- 0.2
9.2 +/- 0.6

The glass material prepared with sihcon nitride additions compared had higher
hardness than samples of encapsulation glass without nitride. The samples with
sihcon nitride were not homogenous; some residual grains could be seen. The
measurements were performed at areas that were homogeneous to the eye.
Some glass/silicon nitride mixtures were also heat treated at lower
temperatures, 1200 - 1400 °C. These samples were too inhomogeneous and
porous to evaluate with hardness tests. Hampshire et al (17) found that
hardness increased by with approximately 10 % for a nitrogen content of 5 e/o
(equivalent concentration anions/cations) in a Y-Si-Al-O-N glass. The
corresponding viscosity increase was about sixfold. The hardness increase is
comparable with our results for a glass with 5 w/o silicon nitride (5.2 e/o
nitrogen), even though not all of the silicon nitride was dissolved. If a similar
viscosity increase occurred in the present study, then a nitrogen content of
approximately 11 e/o would be sufficient to limit the viscous flow of Glass III
to a depth in the range of200 microns.
Conclusions
Estimates have been made of glass penetration into sihcon nitride green bodies
assuming no chemical reaction between nitride and glass and no changes in
pore morphology. For the borosihcate glass with the higher boron content (60
w/o B2O3) calculations predicted penetrations to a depth of around 1200
microns into the ceramic body. Glass with lower boron content was predicted
to penetrate to a much lower extent. Significant glass intrusion could not be
verified by SEM, but XRD measurements on serial sections showed a 100 200 pm deep sihcon oxynitride gradient and SIMS analysis revealed a boron
gradient into the silicon nitride of around 200 urn. Hardness tests on heat
treated glass/sihcon nitride mixtures indicate that nitrogen is dissolved in the
glass. Dissolved nitrogen is expected to raise the viscosity of the glass which
could explain why the observed penetration depth are less than the calculated
prediction. The wetting angle of borosihcate glass on silicon nitride was found
to be approximately 140 °. The diffusion coefficient of boron in the porous
silicon nitride body was detennined as 2*10' m / s at 1200 °C.
12
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Preparation for TEM of layered samples with fragile microstructure and
weak layer interface

A-K Westman, L-Y Wei and F Barre, Dept. of Material Science and
Production Technology, Luleå University of Technology, S-971 87 Luleå,
Sweden
Abstract

The objective of this work was to prepare for transmission electron microscopy
(TEM) a layered structure of materials with fragile microstructure. The
samples consisted of two layers of different materials, sihcon nitride and
borosilicate glass, loosely bonded together. The low strength of the sample
resulted in fragmentation during more conventional preparation. However, it
was possible to prepare the fragments by mounting them in a titanium
specimen carrier with alumimum strips as support. After grinding and
polishing, a technique of low-angle ion milling was used to obtain electron
beam transparent areas at the nitride / glass interface.
Introduction

A successful method of producing low-porosity components of ceramic
materials is by glass encapsulated hot isostatic pressing (HIP) (1). In this
sintering technique the porous pre-formed ceramic powder body is enveloped in
glass which acts as a gas tight barrier to an externally applied gas pressure.
The glass and the ceramic are in close contact during densification and
consequently the glass may influence the surface properties of the ceramic
product. This is of great practical significance since the surface is usually the
most exposed part of a component, both mechanically and chemically. A model
system of borosihcate glass and silicon nitride doped with yttria was chosen
here to study the possible interaction between encapsulation glass and ceramic
(2-4). Following HIP processing examination of the glass / ceramic interface
by transmission electron microscopy (TEM) is of considerable interest.
However the interface region proves to be extremely fragile and necessitated
the development of special preparation techniques.
The requirements of a good TEM specimen are several. Amongst the most
essential are that the area of interest has to be thin enough to be electron beam
transparent and that as little damage and contamination as possible are
introduced in the different preparation steps. For specific materials special
factors have to be considered. In the present work, samples were not only taken
from completed HIP-cycles but also interrupted cycles for which the nitride
was quite porous andfragile.Moreover the bonding between glass and ceramic
was relatively weak. (This is a requirement of the HIP process since the glass

109

needs to be removed easily after the process e.g. by gently sand-blasting.) The
problem is exacerbated by thermal expansion mismatch between the glass and
the ceramic material resulting in residual stresses. Another factor playing a role
during preparation was the water solubility of the chosen model glass.
A straightforward method to produce a specimen would be to just cut a shce
with the interface at the centre and then continue with the usual disc
preparation and subsequent thinning. This was not possible in this case due to
the fragility of the specimen, which broke preferentially in the interfacial
region. A common method to prepare a cross-section of a specimen surface is
to cut bars in such a way that they can be glued two together with the surfaces
facing each other in the middle of the sample. This technique was feasible here
with specimens carrying only a thin layer of glass, with the glass layers glued
together in the centre. The method failed because the samplefracturedat the
interface in the subsequent cutting steps.
When two cross-sections are glued together the thickness of the glue can be
crucial. Zinkle et al (5) point out that a too wide layer will lead to damage to
the cross-section due to the fäst milling rate of the glue. Before electron
transparency was reached in the right area, the glue became very thin and did
not protect the outer layer of the cross-section. These observations referred to
an ion milling angle of 15 degrees. Zrelinski et al (6) compared different ion
nulling techniques. Shallow angle nulling (e.g. 4 degrees) is a useful method
which creates large thin areas. Moreover, since it creates smaller temperature
increases than techniques with more intensive milling, damage to the specimen
is reduced. A drawback is the low sputtering speed which necessitates long
milling times but this could be overcome to some extent by thinning the
specimen by e.g. dimpling before ion milling.
Bama (7) has presented a TEM specimen preparation method for cross-section
surface samples using a special titanium grid in combination with low-angle
ion milling. The specimen is cut and mounted in the grid before thinning and
the grid helps to mechanically support the specimen during grinding, polishing
and ion milling. This type of grid was used in this study but the technique was
modified.
Materials and methods
Most of the original specimens used in the titanium carrier tests were cubes
with an approximate size of 10 x 10 x 10 mm and the ceramic / glass
interface at one side. The glass layer was quite thin, from some mm down to
3
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some microns. Specimens with a thick glass layer (approximately half the
sample) were also used.
1

The special titanium carrier device has a diameter of 3 mm, a thickness of 0.5
mm and three slits produced by electro-discharge machining (Figure 1). The
width of the middle slit is 1 mm and two samples of dimensions 1.9x0.5x0.5
3
mm could be inserted. The interfaces of the samples should be put face to face
into the central slit and the walls of the central slit bent e.g. with a small
screwdriver, until the pieces of samples touched each other (Figure 1).

Figure 1. Optical photo of the titanium specimen carrier with two pieces of
material inserted and glued. The slits on the sides of the carrier have been bent
with a small screwdriver.
2

A diamond saw with a metal bonded diamond cutting wheel (thickness 0.15
mm) was used to cut the specimens. Some of the samples broke already when
they were clamped, others fractured more or less during the cutting, even with
an as careful procedure as possible e.g. low pressure on the specimen against
the wheel and gentle handling.
To be able to use these resulting smaller fragments that contained the glass /
ceramic interface, a modification was developed. Two fragments of the sample
were placed with the interfaces face to face in the middle of the central slit.
Then small strips of ductile aluminium foil were cut and pushed down around
them (Figure 2) ensuring that the interfaces still remained in the centre of the
'Baltec
CA100
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carrier when the fixation was completed. Fragments with thicker glass layer
could also be used but then only onefragmentwas put in the carrier, with the
interface in the middle, surrounded by aluminium strips.

100pm
Figure 2. SEM micrograph of the central slit of the specimen carrier. Two
cross-section samples are surrounded with aluminium strips (arrows), glued
and ion beam etched.
The next step was to embed the assembled specimen carrier in a glue. For this
purpose a one component glue in powder form was found suitable. It cured at
150 -170 °C in one hour. The glue was mixed with graphite to decrease its ion
milling rate. A weight ratio of 3 glue / 1 graphite was used. The glue was
melted at 130 - 150 °C in an oven and the sample was put on top of the melt.
The bonding material penetrated into all the slits and emerged slowly at the
upper surface of the titanium disc. When using the aluminium strips some glue
was also appliedfromabove to mmimise large movements in the 'charge'.
3

After curing of the bonding material the surplus was cut away from the disc
perimeter. This was followed by mechanical grinding and polishing on both
sides of the specimen down to a thickness of 40 - 50 microns with a precision
disc grinder, the specimen beingfixedto a mount with a wax at 130 °C. The
grinding and polishing were performed with kerosene lubricant. Water was
excluded due to the water solubility of the boron oxide component in the glass.
The grinding was performed on sihcon carbide paper (800 and 1200 mesh) and
the polishing on diamond paper (3 microns). To remove the specimen the
4

3
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mount was heated to melt the wax and the specimen was carefully cleaned with
acetone. Samples from the interrupted HIP cycles were cleaned with a
minimum of acetone since too much liquid caused the porous nitride to brake.
A thin electron transparent area was obtained by ion sputtering in an ion beam
etching machine. For a sample with a thickness of 50 microns, the processing
time for perforation was 5 - 6 hours. The samples were glued onto the
specimen holder with a graphite glue. This was applied at only a few spots
around the periphery of the specimen disc to nunimise the amount of acetone
needed to remove the glue afterwards. The milling angle was kept low,
typically 5 degrees, in order to obtain a sufficiently large electron transparent
area. In this work a typical setting of current and voltage were 2.5 mA and 8
kV respectively. The oscillation function of the guns was used and set to 50
degrees, without any sputtering parallel to the interface. The sputtering
schedule involved altemating rotation and oscillation and the specimen was
tumed over when approximately half of the specimen thickness was sputtered
away. The milling process continued until small holes appeared in the
specimen, at which point the milling was immediately interrupted. Larger holes
in the specimen left smaller TEM-transmhtable areas as well as more severe
contamination of the rear side of the specimen. The ion beam minning was
finished by decreasing the acceleration voltage to 1 kV and the current to 1
mA for some rninutes, to remove the vitreous phase created at the surface of
the material.
5

Results
The techmque using the titanium carrier with the aluminium strips was
successful. With this method small fragments of specimens containing the
interfacial area of interest can be prepared and used in TEM studies. Figure 3
shows a SEM photo with the glue between two pieces of material. The light
area in the centre is electron beam transparent. This was obtained by directing
the centre of the ion beam on the nitride close to the interface. The shift in the
beam to one side was necessary because of the higher sputtering rate of the
glass. This was true also of the single fragment samples which ccHitained larger
areas of glass. In Figure 4 the thickness of the glue layer can be estimated to be
3-6 microns.

5

Bal-Tec rapid ion beam etching system RES 010
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Figure 3. SEM micrograph of two fragments, interfaces racing each other. The
light areas are electron beam transparent.

Figure 4. STEM micrograph of the interfaces facing the glue in the middle.
Figure 5a shows a TEM micrograph of a fully HIPed specimen prepared with
the new technique, with the microstructure of the ceramic material containing a
layer structure at the interface. Figure 5b contains a very thin area which
shows the structure in more details. A layer of hexagonal boron nitride was
formed, approximately 0.5 - 0.8 microns thick (layered structure left of centre
in thefigure).Adjacent to this boron riitride layer, sihcon oxynitride grains are
identified. The BN appeared to have nucleated on the surfaces of the
underlying grains and grown outwards by extension of the (001) planes.
Formation of this BN is thought to act as a hinder for glass intrusion. Close to
the glass layer, hexagonal BN with a different appearance formed (upper part
in thefigure).Here the BN has grown out from several nuclei and in different
directions. This could be a result of nitrogen diffusion into the boron containing
glass during the HIP process.
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0.1 pm
a)
b)
Figure 5. TEM micrographs of the microstructure at the interface, a) The
ceramic material adjacent to the interface, the boron nitride layer structure and
the glue is shown, b) A very thin area which shows the nucleation and growth
of the hexagonal boron nitride phase.
Discussion
Aluminium strips were used to fill the space in the carrier in order to achieve as
densefillingas possible. Since the metal strips were thin and ductile they could
deform to some extent around the specimen. Since no strips were situated at the
interface of interest, the ion etching rate of the aluminium was not critical.
The aluminium and also the graphite in the glue increased the electrical
conductivity of the specimen (the ceramic sample is an insulator). For this
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reason coating with an electrically conducting material for the TEM study was
unnecessary.
The properties of the glue at the interface is of importance. The glue bond layer
should be narrow and strong. Its ion nulling rate should be less than or equal to
that of the ceramic/glass interface. If the glue is etched away, the specimen
support disappears. Neither should the interface between the graphite and the
glue be etched. To preserve the glue it is important to use a filler which is
compatible and will decrease the etching rate. Graphite was selected among
common materials due to its comparatively low etchingrate(8). The ratio of
glue to graphite might be optimised further to increase its milling resistance.
Careful focusing of the ion beam is essential. When the specimen is put into the
ion mill, the area of interest has to be positioned at the eucentric height and
consistent with the rotation centre of the specimen table. Otherwise it is
impossible to control the position of the etching.
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TEM study of the interface between HIPed silicon nitride and
encapsulation borosilicate glass

A-K Westman and L-Y Wei, Dept. of Material Science and Production
Technology, Luleå University of Technology, S-971 87 Luleå, Sweden
Abstract

A transmission electron microscope study has been made of a silicon nitride
component with 6 w/o yttrium oxide as a sintering aid hot isostatically pressed
(HIP) with an encapsulation glass of borosilicate. The TEM study concentrated
on the interface region between ceramic and glass. Two different types of
hexagonal boron nitride were formed near the interface. One, with a textured
structure, seemed to nucleate heterogeneously on the surfaces of sihcon
oxynitride grains. The (001) planes of the crystals extended outwards, giving a
thickness of approximately 0.5 microns. The other type formed as hexagonally
shaped grains separate from the first type and appeared to have grown as
several segments in different directions around a nucleus. In each segment BN
layers are parallel to each other and perpendicular to their common [001]
direction. This second type of BN grains was also detected a httle further from
the surface within the sihcon nitride. The volumefractionof additive glassy
phase tended to be lower in this surface region than in the bulk. Possible
mechanisms of prevention of encapsulation glass penetration into the porous
ceramic component during HIP were discussed.
BN

Introduction

Structural ceramics are exhibit beneficial properties such as high strength,
wear resistance, chemical resistance and ability to sustain high temperatures. It
follows that in many apphcations the surface properties of the component are
critical. This is a particularly important consideration when hot isostatic
pressing (HIP) is used for densification. HIP has the advantage that it can be
used to produce components with complicated shapes but the porous preformed body has to be encapsulated in a gas tight envelope for the pressure to
act. For ceramics this encapsulation is usually of glass, for example quartz or
borosihcate. Since the glass and porous ceramic are normally in direct contact
during the sintering process, an influence on the surface properties is probable.
Since this densification method has a potential for near net or net shape
production, any surface interactions are of considerably significance. In the
present study a model system of a silicon nitride and a borosihcate glass has
been investigated, with emphasis on the microstructure of the interfacial region
between the nitride and the glass, that is the subsequent surface of the ceramic.
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The rmcrostmcture of HIPed, yttria-doped sihcon nitride has been investigated
by a number of authors (e.g. 1-3). The structure contains ß-silicon nitride
grains with a relatively large amount of glassy phase. Some residual grains of
a-silicon nitride with rounded shape as well as sihcon oxynitride grains can be
found. A secondary crystalline phase frequently detected is a-yttrium disilicate
while ß-yttrium disilicate is observed occasionally. As far as the present
authors are aware, no previous TEM study on the HIPed surface region has
been reported.
Experimental
The silicon nitride* powder containing 6 w/o yttria as a sintering aid was
formed by cold isostatic pressing (CIP). A borosihcate glass with a
composition of 60 w/o B2O3 and 40 w/o Si0 functioned as encapsulation.
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The HEP-parameters were 1750 °C, 1 h hold time and an argon pressure of 160
MPa. The TEM specimen preparation was based on a technique developed by
Bama (4). Two pieces of the silicon nitride material with the interface towards
the encapsulation glass on one side, were mounted in a titanium specimen
carrier with a diameter of 3 mm and a thickness of 0.5 mm. The sihcon nitride
pieces were placed in a central window (1 mm x 1.9 mm) in the carrier, with
the nitride / glass interfaces facing each other in the centre. Aluminium strips
were used to fill up the gaps around the specimen and therebyfixit before all
remaining voids were filled with a glue. The specimen were ground and
polished to a thickness of approximately 50 microns. Ion beam etching with
argon ions (in a Bal-Tec RES010 unit) was used to obtain a electron beam
transparent area. A typically setting was 2.5 mA and 8 kV with one side
milling and a milling angle of 5 degrees. A more detailed description of the
TEM specimen preparation technique is given in (5). The microscope used in
this study was a JEOL 2000 EX with an acceleration voltage of 200 kV and a
LaBgfilament.The microscope was equipped with a LINK EDS (energy
dispersive x-ray spectrometer) system for elemental analysis. Since the window
of the EDS-detector was of beryllium, the lowest detectable atom number was
11 (sodium). A specimen holder with graphite container was used for EDS
analysis. During diffraction analysis a double-tilt specimen holder was used
which permitted tilting of the specimen in two directions.

'Siconide P95, Permascand AB, Sweden
99.9F, Rhone-Poulenc, France
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Three difFerent areas of the specimen were examined namely (i) the bulk,
approximately 500 microns from the HIP surface (ii) an area at the nitride /
glass interface and (iii) an area approximately 8 microns into the ceramic.
Results and discussion
Microstructure of the bulk

In Figure la is seen a micrograph of the bulk area. The microstructure
comprises grains in a size range of approximately 0.1-2 microns. There are
larger and smaller grains with faceted shapes which is a typical appearance of
ß-sihcon nitride. Some more rounded grains and smaller grains with a circular
cross section can also be seen.

Figure la. TEM, microstructure of the bulk.

Figure lb. TEM dark field image formed by diffused scattered electrons, the
same area as in la.
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A dark field image formed by diffused scattered electrons is shown in Figure
lb. The lighter areas are amorphous. (Note the bright grains to the left in the
picture which show up due to diffracted beams from these two grains falling
into the objective aperture. The tiny bright dots are dust.) The material contains
relatively large amount of residual glassy phase. Some regions of this glassy
phase contain smaller grains. A thin intergranular amorphous phase is visible
between adjacent grains.
The cornpositions of different grains as well as of the glassy phase were
examined by STEM/EDS. In most of the grains only Si was detected. The
spectrum for some of the smaller grains also contained a very low Y peak,
which could however originate from the surrounding glass. Different
compositions were obtained for the glass pockets but all contained Si and Y.
Figure 2a shows the spectra from a large pocket with smaller grains within it.
The Yj^-peak height is approximately 1/4 of the adjacent Si -peak. Another
glass pocket, containing no small grains, contained more yttrium, Figure 2b.
(The Ti peak originates from the specimen carrier.) A quantitative estimation
of the relative amounts based on a few analysis gave the following results. The
composition in the pocket with small grains was 20 atomic percent Y / 80
atomic percent Si whereas in the pocket without grains the relation was 50 % Y
/ 50 % Si.
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Figure 2. EDS spectrum of two different glass pockets; a) with grains and b)
without grains
Some Fe-containing impurities could also be seen in the microstructure. Figure
3a shows an impurity grain with a diameter of 0.5 microns and with a small
spotty structure. The matrix contains Si, Fe and Ni, as shown in EDS spectrum
in Figure 3b. EDS spectrum of the small dark dots on the impurity grains
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shows peaks of P, V, Cr, Ni and W in addition to peaks of Si and Fe (Ti peak
presumed from the specimen carrier). The dark particles are very tiny, less than
20 nm, therefore the spectrum in Figure 3c probably give a result of two
overlapped phases. The composition indicates that the impurity could be
stainless steel. Possibly origmating from the raw material powder or from
processing of the green body.

Figure 3 a) TEM micrograph showing an impurity grain; b) EDS of matrix; c)
EDS of darker spots; see text.
Microstructure in the surface region

A micrograph of the specimen surface is seen in Figure 4, with the adjacent
glue at the top of the picture. Close to the glue is a region, here approximately
1 micron in thickness, which first was taken to be the amorphous encapsulation
glass. However, some structure could be detected and with appropriate tilting a
layered structure with random orientations appeared. This turned out to be
hexagonal boron nitride, BN, deduced from extensive electron effraction. The
thickness of the layer varied along the surface. In places it was almost absent.
Pure encapsulation glass could not be detected although it was present on the
surface of the original specimen. Beneath the outer BN layer a more textured
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BN structure is seen adjacent to silicon oxynitride grains with silicon nitride
grains further in. (Shown in detail in Figures 5 - 7.)

Figure 4. TEM micrograph of the specimen surface
Figure 5a shows the boron nitride with two different appearance. BN formed
on the surface of a ceramic grain had a more textured structure. Further out, to
therightin the picture, the other type of BN, with a more random orientation of
the layered structure, is seen.

Figure 5 a. TEM micrograph of two different types of hexagonal BN.
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Figure 5 b. SAED from the textured structure in a); c) SAED from a larger
area in a); d) EDS spectrum of glass pocket marked in a).
A selected area electron diffraction (SAED) from the textured area is seen in
Figure 5b, while a SAED from the larger area with both types of grains is
shown in Figure 5c. The rings in the latter effraction pattern are due to the
presence of many orientations of BN crystal platelets relative to the direction of
the electron beam. Table 1 gives a comparison between the interplanar
spacings of a hexagonal BN lattice (a = 2.504 Å, c = 6.661 Å) and the
spacings calculated from the diffraction rings shown in Figure 5c.
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Table 1. Hexagonal BN, d-values and hkl- planes.
BN lattice
hkl
002
100
101
102
004
103
104
110
112
105
006
200

d-values (Å)
3.330
2.169
2.062
1.818
1.664
1.551
1.320
1.252
1.172
1.135
1.110
1.084

Measured from the
SAED, Figure 5c.
d-value (Å)
3.321
2.166

1.240
1.163
1.075

The agreement of the two sets of values indicates that the phases with the layer
structure are hexagonal BN crystals. (Some possible diffractions are absent
due to orientation of the crystals.)
Marked in Figure 5a is a glass pocket rich in Si and Y, for which the EDX
spectrum is shown infigure5d. The Y / Si atomic ratio is determined to 34 /
66.
A brightfieldimage of other textured BN grains formed on the ceramic surface
is shown in Figure 6a, with a SAED pattern in Figure 6b. The (001) planes are
perpendicular to the paper and extend in the direction of the linear structure. It
can be seen that the layers vary slightly in orientation within a range of +/- 15
degrees. Figure 6c is a dark field image formed by part of one BN diffraction
arc in the SAED while the dark field image infigure6d is formed by one of
the distinct spots. Another crystalline phase with an elongated appearance was
present in between the BN layers. EDS-analysis of this phase shows the
presence of Y and Si, (atomic ratio 26 / 74) (see Figure 6e). Anyhow, d-values
from its effraction patternfita-Y2Si20y, but only two different planes of the
phase was represented and no unambiguous determination could be obtained.
Further work on this crystal phase is needed.
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Figure 6b) SAED, layered structure at the surface, see a); c) dark field image
formed by part of one BN diffraction arc, in b); d) darkfieldimage formed by
one of the distinct spots, in b); e) EDS of the light area in micrograph d).
Systematic electron effraction was carried out on grains adjacent to the
textured boron nitride layers in order to identify their crystal structure and
silicon oxynitride was detected (Figure 7a). Diffraction patterns from one
S12N2O grain are presented in Figures 7b and c. In the micrograph the BN
appears to nucleate at the surface of the oxynitride grains. In Figure 5a the
same appearance with heterogeneous nucleation of BN at the surface of the
adjacent grain seems to have taken place. The BN grains grow by extension of
the (001) planes. Every single segment contains several layers parallel to each
other.
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Figure 7 a) TEM micrograph of the surface area. BN grains seems to have
nucleated at the adjacent grain which are sihcon oxynitride. SAED of silicon
oxynitride with zone axis b) [01-1] and c) [02-1], the angle between the axis is
17.6 degrees.
Approximately 8 microns in from the surface, the general appearance of the
microstructure is as shown in Figure 8a. One difference compared to the
structure in the bulk is a somewhat lower volume fraction of glassy phase.
Figure 8b is a dark field image formed by diffused scattered electrons taken
from the lower-right area in Figure 8a. The glassy layer between the grains is
seen but no large glass pockets are found as in Figure lb.
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Figure 8. TEM micrograph of area approximately 8 microns from the
interface, a) shows the general microstructure; b) give a dark field image
produced by diffused scattered electrons; c) shows the BN structure.
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Another difference is the appearance of the same BN structure as was found at
the very surface. These were not easy to detect. First a (002) diffraction of the
BN phase was found in a diffraction pattern from the central area in Figure 8a,
then a dark field image of BN was obtained by using this (002) deflected
beam. After tilting a typical appearance of the BN phase showed up.
Diffractionringsof BN similar to that in Figure 5c were obtained in this
orientation. Figure 8c is an enlarged picture of BN phase which was located in
the central part of Figure 8a. It contained a nucleus in the centre with darker
contrast that probably comprise of a heavier element. Around the nucleus there
are several segments with a layer structure growing out form the nucleus in
different directions. This should be compared to the textured structure of the
grains at the surface (Figures 5a and 6a). A schematic drawing of the different
BN structures is given in Figure 9.
BN
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Figure 9. Schematic drawing of different hexagonal BN. a) Textured BN,
platelets are parallel to each other and perpendicular to their common [001]
direction. The (001) planes grow unidirectionally; b) BN around nucleus, the
grain appears to grow radially from a central nucleus by fonning racks of
(001) planes.
Both in the bulk (Figure la) and close to the surface (Figure 8a), small
particles with more or less circular cross-section were seen. The EDS spectra
taken on several of these revealed only Si. Some of them look like spherical
inclusions in larger grains. This type of inclusions have been found by others
(6). One example, spherical grains attached to a larger grain (see Figure 10a)
was analysed further. A series of SAED patterns was taken from the small
round particle. A low index pattern with a zone axis [001] is shown in Figure
10b. Diffractionfromthe larger grain is also present. Both grains are ß-Si3N4
but with different crystallographic orientations. A glassy phase surrounded the
spherical particle.
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b)

Figure 10a) TEM micrograph of a spherical sihcon nitride grain attached to a
larger silicon nitride grain; b) SAED with diffraction spots from both grains.
Comments on BN formation and encapsulation glass penetration
When the pressure is apphed during the HIP-cycle, the viscous encapsulation
glass is pushed into the open pores of the ceramic green body. If nesting
hinders the viscous flow of the pure borosihcate glass, it will penetrate
hundreds to thousands of microns into the ceramic component, but the HIPed
silicon nitride does not exhibit such penetration (7). BNformationhas been
proposed as a possible mechanism for the prevention of penetration in
borosihcate glass encapsulation (8, 9). Modification of the glass composition
during the HIP-cycle e g with nitrogen and silica dissolved in the glass and
interaction between the glass and the pore walls are also processes which may
hinder deep glass infiltration (7). A full clarification of the mechanisms has not
been obtained.
The boron nitride with the textured structure seems to nucleate heterogeneously
on the surface grains. In Figure 5a the colony of lamellae decreases in width
inwards and could correspond to a former pore channel. If this type of boron
nitride forms when the glass starts to penetrate the small pore channels of the
green body then the glassflowwould be hindered. The formation of BN in the
S13N4 - Si(>2 - B2O3 system is thermodynamically favourable already at the
temperatureforpressure apphcation, approximately 1200 °C (9). Thus, boron
nitrideformationcould well be one of the main mechanisms that hinder glass
penetration during the HIP-cycle.
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In greater detail, the process for this might be as follows. The viscous glass is
pushed towards the outer grains of the silicon nitride surface and into the open
pore channels (mean diameter typically around 50 nm). Firstly, the thin silica
layer (approximately 0.7 nm thick) on the silicon nitride grain surfaces will
react with the glass and be dissolved. On the silicon nitride surfaces a
heterogeneous nucleation takes place and a number of boron nitride crystals
start to grow. They grow by extending the (001) planes outwards into the
melted encapsulation glass. As soon as the formation of this BN starts the flow
of the glass will be hindered because the pore channels become narrower.
When the crystals have grown to a certain length, or volume, the boroncontaining glass looses direct contact with the silicon nitride. The growth
process will slow down due to the longer diffusion paths for nitrogen. The
boron nitride colonies are limited in size to approximately 0.5 microns, but this
would be enough to prevent the glass from deep penetration into the ceramic
material. The silicon nitride grains depleted in nitrogen form oxynitride.
The other type of hexagonal BN grains seem to form around a nucleus. The
crystals have evidently been able to grow in different directions, as would be
the case in a larger volume of glass melt. The glassy phases of sihcon nitride
materials are known to contain nitrogen (10) and oxynitride formation yields
nitrogen as a product. During the HIP process nitrogen may diffuse out
towards the encapsulation glass and together with the boron form BN around
suitable nuclei, such as inhomogeneities in the glass, e g small undissolved
Si02 grains.
BN grains grown around a nucleus were also found further into the silicon
nitride albeit close to the surface. For these to form, boron must be transported
into the ceramic. A boron gradient was in fact detected using SIMS (secondary
ion mass spectroscopy) analysis (7). Boron had diffused some hundreds of
microns into the silicon nitride material already at 1200 °C upon first pressure
apphcation. Since the diffusion is usually much faster in the glassy phase than
in the crystals, this boron is presumably concentrated in the glassy phase of the
material implying that BN would crystallisefromthis glass.
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