CERAMICS — Silikaty 35, s. 127—145 (1991)

PREPARATION OF «-Si;Ny POWDER AND CERAMICS
REINFORCED BY f-SizNy WHISKERS

TiBor Lidko, PavoL Sajearik

Institute of Inorganic Chemistry, Slovak Academy of Sciences,
Diibravekad cesta 9, 842 36 Bratislava

Received 8. 1. 1990

a-Silicon nitride containing 35—37 wt. Y, nitrogen, 3—4 wt. %, oxygen and
1 wt. % carbon, with a mean particle size of about 1 pum, was prepared by
heating the mizture of finely dispersed silica and carbon at 1500 °C for
7—8 hours in nitrogen flowing at a raie of 40—50 cm3 min-1 (the flow rate
related to 1 g of SiO; in the initial mizture). a-silicon nitride is formed by
precipitation from gaseous SiO, and Nz and CO. The positive effect of seeding
crystals of a-silicon nitride on the reaction rate, the particle size of the product
and on its morphology increases with the increasing surface area of the seeding
powder.

A ceramic material exhibiting a Jfracture toughness of about 6 MPa m!i2,
which can be further increased by an addition of f-silicon nitride, was prepared
by hot pressing of the silicon nitride powder with additions of yttrium oxide
and aluminium oxide. Cutting tools made by grinding the resuliant material
were tested by intensive machining of cast iron and showed weuring comparable
to that of cutting tools manufactured commercially abroad.

INTRODUCTION

At present, advanced ceramics have been increasingly used in technology not
only as a refractory material, but also as a structural one. This is due to their
advantageous combination of physical and chemical properties, which is not
exhibited by any other materials. These are above all the high melting tempera-
tures, high strength, hardness and Young’s modulus and a very good chemical
stability and abrasion resistance. These properties are a consequence of chemical
bonding and crystal structure of the substances used for preparation of structural
ceramic materials. Strong and oriented covalent bonding leads to stable space
arrangements of atoms in crystal structures. On the other hand a disability of
movement of adjacent atoms leads to brittleness (low fracture toughness) and
thermal shock sensitivity which are the main disadvanteges as compared with
metals. For these reasons wider application of ceramics for structural purposes
so far has been significantly limited. Improvement of reproducibility of the
properties has been one of the main goals of recent research. Basically this can
be achieved by improvement of methods for powder preparation and for powder
densification. Considerable attention is also paid to seeking the ways for suppressing
the brittleness of ceramics.

a) Development of preparative methods

The requirements for the properties of powders for ceramics have been reviewed
by Barringer and Bowen [1]. The aim is to prepare chemically and phase-pure
highly disperse non-aglomerated powders with a particle size smaller than 1 pm,
with an isometric shape and a narrow particle size distribution. The surface
of the powder particles is frequently treated chemically to create such repulsive
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forces which would supress spontaneous aggregation, but which would not hinder
moulding and compacting. Powders of such propertics are potentially capable
of providing a green body (prepared by pressing, casting, ete.) with a homogoneous
distribution of pores, which is a necessary prerequisite for the creation of a dense
ceramic body with a uniform microstructure. Ii a green body with a wide distri-
bution of grain and pore sizes is sintered, various lozal rates of densification occur,
which l=ads to creation of stresses in the final material. The formation of large
pores that can be hardly eliminated and abuormal grain growth are additional
negative effects.

The mechanical proporties of ceramics can also be substantially improved by
using progressive nmethods of densification, e. g. medium pressure (up to 10 MPa) [2]
or high pressurc (up to about 300 MPa) [2—4] hot isostatic pressing of the green
body covered by a gas-tight plastic (c. g. glass) container.

b) Increasing the fracture toughness of ceramics

Two basic concepts have been proposad for improving the fracture toughness
of ceramics: transformation toughening which exploits the martensitic phase
transformation of the tetragonal modification of ZrO, to the monoclinic one [5, 6]
and reinforcement with whiskers (thin long monocrystals) or fibres dispersed
throughout the matrix (composite materials) [6—11].

In the latter method, the toughness of th2 coramics is improved by utilizing
the high strength and Young’s modulus of whisksrs and fibres (e. g. of silicon
carbide). Such admixtures influence the behaviour of the material during fracture.
Under tensile stress the whiskers (fibres) are elongated less than the matrix as
a result of their higher Young’s modulus. Stresses are concentrated in the whiskers
{fibres) and stress concentration in the matrix is therefore reduced. If the matrix
nevertheless fails, the material can bz held together by the strong whisker (fibre)
bridging over the two cracked surfaces(Fig. la). If the fracture stress is greater
than the whisker strength, the whisker is fractured and the crack can propagate
in the matrix (Fig. 1b). When the whisker is stronger than the acting stress and
its bond to the matrix is weak, the whisker is pulled out as the crack propagates
(Fig. 1c). The process requires the friction in the matrix-whisker boundary to be
overcome, and this consumes some of the energy causing the crack propagation.
Additional dissipation of energy results from different thermal expansions of the
whisker and the matrix. On cooling the material down from the sintering tempera-
ture, the whisker and the matrix shrink differently, and the compressive (or tensile,
according to a lower or higher thermal expansivity of the whisker) and shear
stresses, which are superposed on the external tensile stress, cause the crack
deflection (Fig. 1d). During the process, the acting external stress is reduced
to an effective value, which will be the smaller the greater the deviation of the
direction of crack propagation from the original direction.

The strength and toughness of the material can also be expected to be significant-
ly affected by the uniformity of distribution of inclusions in the matrix.

In the present work finely dispersed powders of a-silicon nitride were prepared
by carbothermal reduction and nitriding of silica. The effect of the reaction condi-
tions on the kinetics of conversion of silica to silicon nitride, and on the chemical
and phase composition and on the morphology of the products were studied.
The silicon nitride powders were compacted by hot pressing into a dense ceramic
material. The effect of additions of #-silicon nitride whiskers on the sinterability
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snd toughness of the material was investigated. Cutting tools prepared by grinding
of the materials were tested by high-speed machining of cast iron to determine
their cutting properties.

c

Sagh

Fig. 1. Mechanisms involved in tmproving the toughness of ceramics by means of whiskers. a) strong

whasker will stop crack propagation (bridging over); b) if the stress at the crackface exceeds the whisker

strength, the whisker will break and the crack will go on propagating; c) pull-out of whisker from the

matriz; d) deflection of the direction of crack propagation resulting from stresses in the neighbourhood
of inclusions.

PREPARATION OF SILICON NITRIDE POWDERS BY CARBOTHERMAL
’ REDUCTION AND NITRIDING OF SILICA

At present, silicon nitride is one of the most important representatives of non-
oxidic structural ceramics. The materials prepared on this basis exhibit a favour-
able combination of low thermal expansion (¢ = 3.2—3.4 X 10— K-! at 20—
—1000 °C) and a good thermal conductivity (1 = 20—35 Jm~—1K~1s-1 at room tem-
perature), which contributes to their high thermal shock resistance. Good mecha-
nical stability and mechanical properties at high temperatures (bending strength
d = 300—500 MPa at 1300 °C) make these materials suitable for applications
at tempetaures above 1000 °C (up to about 1400 °C), wherc even the best metallic
materials fail.

As indicated above, experience of ceramists allows to conclude that high-grade
structural materials can only bz made from pure non-agglomerated powders
consisting of very small particles of uniform sizes and preferably of isomstric
shape [1]. Particularly, preparation of materials baszd on silicon nitride requires
very fine powders, as their sintering temperatures are limited due to thermal
decomposition of silicon nitride above approx. 1700 °C at nitrogen pressure of
101 kPa [12]. The sintcring can also be carried out under higher nitrogen pressures,
but such technology is significantly more complicated and expensive. The silicon
nitride powder should also contain a high portion of the x-modification (more
than about 90 wt.9,) as the transformation of a-silicon nitride to the p-form
during sintering contributes to improving the mechanical properties of the ma-
terial [13].
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The conversion of silica to silicon nitride was studied in [14—26]. At 1400 to
1500 °C, weakly aggregated silicon nitride powders with a particle size of about
1 pm, containing less than 3 wt. %, oxygen and about 1 wt. %, carbon, and with
o-phase content of 90—95 wt. 9, were prepared. However, the potential of the
process has obviously not yet been fully exhausted. It can be assumed that better
undestanding of the processes of products formation will allow to prepare silicon
nitride powders with improved chemical and phase purity and morphology.

Thermodynamics and kinetics

At carbothermal reduction and nitridation of silica silicon nitride is formed
according to the overall reaction: '

O

3 8i0,(s) + 6 C(s) + 2 Na(g) = SisNy(s) + 6 CO(g) (1)
K,(1430°C) = 2.84 x 10-3,

where K, is the equilibrium constant of reaction (1). Because of the low value
of the equilibrium constant, it is necessary to perform the reaction in flowing
nitrogen in order to ensure efficient removal of the liberated carbon monoxide
from the reaction system.

Reduction of silicon dioxide to silicon monoxide is generally regarded as the first
step in the mechanism of reaction (1):

8i0,(s) + C(s) = SiO(g) + CO(g) (2)
K,(1430°C) = 5.23 x 10-4,

8i02(s) + CO(g) = 8iO(g) + CO:(g) (3)
K3(1430°C) = 7.32 x 10-8.

Komeya and Inoue [14] assumed that in the second step, the gaseous silicon
monoxide reacted with nitrogen on the surface of carbon particles:

38i0(g) + 2 Na(g) + 3 C(s) = SizNa(s) + 3 CO(g) (4)
K4(1430°C) = 1.99 x 107

Such a reaction can proceed rapidly until the entire surface of the carbon part-
icles becomes covered with a layer of the product. The subsequent reaction would
then proceed only after diffusion of the gaseous reactants through the layer.
In such an instance the morphology of the silicon nitride should be similar to that
of the initial carbon particles. However, such a similarity was not proved experi-
mentally. In spite of this, other authors also assumed such reaction mechanism
[18, 21, 26]. On the other hand, examination of the morphology of the product
allowed Zhang and Cannon [20] to assume that silicon nitride is formed from
gaseous reactants:

3 SiO(g) + 2 Nz(g) + 3 CO(g) = SizN4(s) + 3 CO(g) (5)
K5(1430°C) = 5.46 x 10-5.

Carbon dioxide is then reduced by the excess carbon present in the reaction
system:
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CO:(g) + C(s) = 2 CO(g) (6)
K(1430°C) = 7.14 x 105,

The authors [20] noticed the uniform particle size of the silicon nitride and
suggested that supersaturation of silicon monoxide required for the npucleation
of silicon nitride can only be attained in the initial stages of the reaction, which
leads to the formation of a virtually single generation of crystals.

The reaction system silica—carbon—nitrogen may also produce silicon carbide:

Si0,(s) + 3 C(s) = SiC(s) + 2 CO(g) (7
K4(1430 °C) = 0.126,
SisNa(s) + 3 C(s) = 3 SiC(s) + 2 Na(g) (8)

K4(1430 °C) = 0.709.

The equilibrium constants of reactions (7) and (8) increase with increasing
temperature. i. e. the thermodynamic conditions for the formation of silicon
carbide are also improved. The limit temperature, above which silicon carbide
begins to form, is about 1440 °C for 101 kPa of nitrogen. Above this temperature,
the product of reaction performed under normal nitrogen pressure will always
contain silicon carbide, the amount of which will depend on the temperature
and the kinetics of the formation of silicon carbide and silicon nitride. By optimizing
the reaction conditions and using additions of crystallization nuclei of a-silicon
nitride into the initial mixture of silica with carbon, Mori et al. [17] prepared
a-silicon nitride powder with a silicon carbide content lower than 3 wt. %,. Accord-
ing to the equilibrium (8), the formation of silicon carbide can be suppressed by
increasing the partial pressure of nitrogen. The authors of [17] also found that
an addition of crystallization nuclei has a positive effect not only on the chemical
and phase purity of the product, but also on the kinetics of conversion of silica
to silicon nitride, as well as on reducing the mean grain size of the silicon nitride
produced.

Experimental

The experimental techniques were described in detail in [23]. Three types of
high-purity silica were used in the preparation of the mixtures:
1. amorphous dense particles with a medium grain size of 50 nm, Spgr = 50 m2g™?
(Aerosil 0X-50, Degussa GmbH, FRG),
2. porous xerogel, Sper = 80 m2g-1 (Reachim, USSR),
3. firely ground quartz with a particle size below 5 pm, Spgr = 5 m2g1.

The carbon was in the form of high-purity acetylene carbon black with a specific
surface area Spgr = 80 m?g-! (P-1250, VEB Stiskstoffwerk Piesteritz, GDR).

Four different types of silicon nitride were introduced as crystalline nuclei
into the initial mixtures of silica and carbon. Their characteristics are listed in
Table I.

The initial mixtures with a 1 : 1 weight rat!o of silica to carbon (molar ratio 1 : 5),
containing 0—20 wt. 9, of crystallization nuclei of silicon nitride, were homogenized
by grinding in an agate planetary mill for 20 minutes. The reaction mixtures were
prepared with a 2.5-fold excess of carbon, to suppress sintering and growth of
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Table 1

Data on silicon nitride powders used as seeding crystals in carbothermal synthesis
of silicon nitride

Chemical composition
(wt. %) Content of o —Si3;Ny

Si;N, (Wt . %) SBE'.I‘/H’ZS’_l
N (0] C

S-721 36.4 | 2.20 | 1.40 100 3.6
UACH

LC122 38.6 1.84 | 0.19 95 20.9
Starck

IPM: 37.1 1.70 | 0.50 98 8.0
Kiev

PCHS? 341 | 588 |0.19 30-0,/20-B/60-amorph. 22.3
Riga

1Prepared by carbothermal reduction and nitridation of SiO,
2Prepared by nitridation of silicon
3Prepared plasmochemically
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Fig. 2. Graphite reactor; 1 — inlet and outlet tube, 2 — thermocouple, 3 — protective corundum tube
with one end closed, 4 — crucible with closure, § — reaction mizture, 6 — perforated bottom.

//II/IIIIIIIIIIIIIIIIIII

silicon dioxide grains. The reaction mixtures were heated at 1350—1550 °C for
2—10h in a graphite reactor designed so as to ensure forced flow of nitrogen
through the reaction mixture and efficient removal of carbon monoxide from the
reactor (Fig. 2). The reactor was placed in a protective alumina tube heated by
an adapted laboratory chamber furnace. The charge weight was varied from 5
to 15 g (most frequently 13 g), the rate of flow of nitrogen was varied over the
range of 50—250 cm3min~! (at room tempcrature), which corresponded to 20 to
100 cm3min—! per 1 g of SiO; in the charge. The extent and kinetics of the reduction

132 Silikaty &. 2, 1991



Preparation of «-SiyN4 powder and ceramics reinforced by f-Si;Ng whiskers

was followed continuously by measuring the concentration of carbon monoxide
in the gas flowing out of the reactor, using an IR analyzer of CO (Infralyt 4, VEB
Junkalor Dessau, GDR). After reaction, the non-reacted excess carbon was removed
by oxidation in air atmosphere at 650—700 °C for 4—10 h. The morphology of
the powders was studied by electron microscopy. The phase composition of the
product was established by X-ray diffraction analysis. The oxygen content in the
samples was determined by activation neutron analysis, and that of carbon by
the LECO method. The nitrogen content was determined by titration after an
absorption of ammonia (in 1.5 9, solution of trihydrogenboric acid H;BO3) liberated
during alkaline melting of the product in excess powdered sodium hydroxide and
calcium oxide (1:1 by weight) at 700 °C for 1 hour.

Results and discussion

The effect of temperature, nitrogen flow rate and the quality of initial substances
on the reaction and the properties of its products was discussed in detail in the
previous study [23].

It was found that the reduction of silica by carbon in flowing nitrogen starts
at 1150 °C, and the maximum rates of conversion were found at 1470—1510 °C.
At higher temperatures the proportion of silicon carbide grows very rapidly,
and at 1555 °C the carbide is the dominant component of the product. The quality
of the initial silicon dioxide has no substantial effect on the kinetics of the process
and on the properties of the product. This obviously holds only when the SiO,
powders are sufficiently chemically pure (content of cationic impurities less than
0.01—0.05 wt. 9%,), as was the case of substances used in the present study.

The nitrogen flow rate over the range of 20—100 ¢m3 min—1 per 1 g SiO; does
not influence significantly the course of the reaction. However, at lower flow rates
the reduction of silicon dioxide and the formation of silicon nitride will slow down,
and local crystallization of silica in the form of cristoballite was observed in the
charge. At higher flow rates of nitrogen, increasing amounts of silicon tend to
escape from the reactor in the form of silicon monoxide.

In the optimum regime of synthesis (1500 °C, time of isothermal dwell 7—8 h,
nitrogen flow rate 40—50 cm3min-1 per 1g of SiO, in the initial mixture [23],
the a-silicon nitride obrained contained 35—37 wt. %,.nitrogen, 3—4 wt. %, oxygen

Table 11
Conditions during carbothermal synthesis of silicon nitride
BEx Seeding crystals wt. % Time* at
p- of silicon nitride of addition 1510 °C/h
75 — 0 8
76 IPM 5 6.6
79 1PM 20 3
80 IPM 10 4.2
93 S-72 10 5.8
94 PCHS 10 3.5
95 LC12 10 4.6

*Time required for attaining virtually zero concentration of CO in the gas passing out of the
reactor
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Table 111

Chemical composition and specific surface area of the products of carbothermal reduction and
nitridation of SiO;

Content (wt. %)

Product Sprr (mM2g~1)
N (0} C
75 27.4 14.1 1.2 3.6
76 34.6 2.9 1.1 4.7
79 38.1 2.8 0.6 4.8
80 37.9 3.3 1.0 5.2
93 36.3 - 2.9 1.2 3.8
94 33.0 3.8 2.7 6.9
96 36.4 3.6 0.6 9.2

and 1 wt. 9%, carbon. The product consisted of uniform crystals about 1 pm in size
Fig. 3a).

( 'lghe e)ﬂ"ect of crystallization nuclei on the reduction and on the quality of pro-
ducts was investigated in further experiments. 0, 5, 10 and 20 wt. 9, of silicon
nitride seeding crystals were added to 13 g silica (Aerosil OX-50) and acetylene
carbon black mixture. The reaction temperature was 1510 °C. Heating rate over
the interval 20—1300 °C was 10 °C min-1, above 1300 °C it was 5 °C min—1. The
nitrogen flow rate was kept at 250 cm3min~1, Data on the experiments and some
characteristics of the products are summarized in Tables II and III.

20
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Fig. 4. Effect of the amount of IPM silicon nitride seed on the rate of liberation of CO during carbo-
thermal reduction and nitridation of silicon dioxide; ........ 0 wt. %, ——— 5 wt. Y%,
—_——i— . — 10 Wt. Y, — — — 20 wt. %,
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The effect of the amount of seeding crystals on the reaction rate, expressed
as the dependence of CO concentration on time is plotted in Fig. 4. The diagram
demonstrates clearly the positive effect of seeding the reaction mixture with
crystallization nuclei on the rate of converscon of silica to silicon nitride. The shape
of the curve indicates a high reaction rate particularly in the stage just before
attaining the temperature of isothermal dwell and during its first minutes. A wide
region with a practically constant reaction rate is observed in the subsequent
stage with samples with addition of no and 5 mass?%, of seeding crystals, respecti-
vely.

The initial high reaction rate probably corresponds to the first step of the
reaction, where reduction of silica by carbon, reaction (2) can take place. The
reaction (2) can occur till a close contact getween the solid reactants is retained.
Because of an intensive evolution of silicon monoxide favourable conditions for
nucleation and crystal growth of silicon nitride are stated in this reaction stage.
However, from the beginning the surface of forming silicon nitride crystals is small
and an evolution of silicon monoxide can exceed the amount that can be consumed
for the silicon nitride growth. The excess silicon monoxide then departs from the
reaction zone, or can oxidize to silicon dioxide according to equations (2) and (3).
Recrystallization and formation of coarse crystals of silicon dioxide may then slow
down its conversion to silicon nitride. If crystallization nuclei of silicon nitride
are present in the reaction mixture from the beginning of the reaction, this creates
substantially more favourable conditions for the consumption of silicon monoxide
and for the growth of silicon nitride. In this respect, additional intensification
of the process will depend on the surface area of the crystallization nuclei intro-
duced.

12}

-2

Fig. 5. Effect of various types of seeding crystals of silicon nitride on the rate of liberation of CO
quring carbothermal reduction and nitridation of silicon dioxide; --------- 10 wt. % of LC12,
—_—e—.—..— 10 wt. % of S-72, —— 10 wt. % of PCS, ........ 10 wt. % of IPM.
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The effect of various types of silicon nitride used in the seeding of the reaction
mixtures is shown in Fig. 5. The rate of conversion obviously increases with
increasing specific surface area of the crystallization nuclei introduced. However,
there is an exception with silicon nitride powder prepared plasmochemically. This
behaviour can be explained by its crystallization and changes in specific surface
area in the course of heating up to the reaction temperature. The increase in the
number of crystallization nuclei leads to considerable shortening of the time re-
quired for virtually complete conversion of silica to silicon nitride, and has also
a positive effect on the smaller particle size of the products (Table III, Fig. 3a, b, c).
Fig. 3d shows the morphology of a product prepared in the optimum regime.
The narrow distribution of particle sizes was achieved by controlling the rate
of silicon monoxide evolution. °

PREPARATION OF MATERIALS BASED ON SILICON NITRIDE
BY HOT PRESSING

With respect to the low values of diffusion coefficients of silicon nitride structural
elements in solid state even at high temperatures, the preparation of silicon nitride
based ceramics expose some specific features. The decomposition of silicon nitride
at nitrogen pressure of 100 kPa under relatively low temperatures is another
factor dictating the specific conditions of silicon nitride sintering. -

For these two reasons, materials based on silicon nitride are prepared by sin-
tering with additives forming a liquid phase at the sintering temperature. The
liquid phase positively influences the densification (helps rearangement and spceds
up diffusion) and partially suppresses the thermal decomposition of silicon nitride.
On the other hand, the residual amount of the amorphous phase at the grain
boundaries degrades the high-temperature mechanical properties of silicon nitride.
For these reasons the sintering of silicon nitride should be conducted under condit-
ions ensuring a minimum amount of liquid phase arising on sintering, but allowing
the maximum density of the product to be attained. These two contravertial
requirements are met succesfully by the hot pressing method.

Experimental

The morphology of silicon nitride powder used for the preparation of the ma-
terials is shown in Figs. 6a, b. The chemical composition and specific surface area
of the powders are given in Table IV. A mixture of yttrium oxide (99.99 wt.%,)
and alumina (99.99 wt.9,) at a molar ratio of 3 : 5, corresponding to the composition
of yttrium-aluminum garnet, was used as an additive forming a liquid phase at
the sintering temperature. The oxides were added in the form of aqueous solution
of yttrium nitrate and aluminum nitrate into an aqueous suspension of silicon
nitride. Yttrium hydroxide and aluminum hydroxide were co-precipitated by
adding a suitable amount of urea. The suspension was heated for 1 hour at 100 °C
and then homogenized for 24 hours in ethanol. The total amount of the mixture
of yttrium oxide and aluminium oxide in the 3 : 5 molar ratio in the initial powders
of silicon nitride was 8 wt. %,. To the powders prepared in this way, 0, 5, 10 and 20
and 30 wt. 9%, of B-silicon nitride whiskers were added. The morphology and aspect
ratio distribution of the whiskers are shown in Fig. 7. The high-purity whiskers
with an oxygen content of 0.8 wt. %, and the content of other impurities lower than
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Table IV

Chemical composition and specific surface area of the initial powders of silicon nitride employed
in the preparation of material by hot pressing

Chemical composition
- (wt. %) roes
Designation Manufacturer SgeT (mM2g—1)
N (0] C
I H.C. Starck 38.4 1.6 0.49 9.9
Berlin-W
II UACH 37.1 2.8 0.44 5.6
40}
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Fag. 7. Whiskers of 3-<ilicon nitride used in the preparation of initial mixtures.
b) distribution according to aspect ratio (f — frequency vs. aspect ratio — ljd).
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300 ppm were prepared by the SHS method (sclf-propagating high-temperature
synthesis), at the Institute of Structural Macrokiretics of the Soviet Academy
of Sciences, Chernogolovka. The whiskers were added to initial powders I and 11
according to the schematic diagram shown in Fig. 8. The green compacts were
prepared by cold pressing under 100 MPa in a press with a piston diameter of
12 mm; the resulting pellet thickness was about 5 mm. The sintering was performed
in a hot press with a graphite die heated by a graphite meander element. Nitrogen
was used as protective atmosphere. The design of the equipment is descibed in
detail in [27]. The compacts were sintered in a boron nitride powder bed at 1750 °C
under a pressure of 39 MPa. In the course of sintering, the pressure was applied
at 1500 °C and released after the hot pressing cycle at 1000 °C. The relative den-
sities of compacts before and after sintering were determined by weighing the speci-
mens in mercury. The change in the pellet thickness in the course of hot pressing
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was recorded by a dilatometer. The fracture toughness of sintered specimens
was determined by the indentation method, using Vickers’s pyramide indentor
under a load of 1000 N. The coefficient of fracture toughness K;¢ was calculated

according to the equation [20, 29]:
K¢ = Ha'l2 B/H)2 5 10%. 9)

where H is the Vickers’s hardness, a is one half of the length of the diagonal
of Vickers’s impression, Y is a function of the expression log [(! + a)/a], [ is the
half mean crack length and E is the Young’s modulus of elasticity, its value was
estimated 300 GPa with respect to the values for materials of similar composition
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Fig. 8. Schematic diagram of the preparation of initial mextures.

Results and discussion

The dependence of the ceramic materials density vs. isothermal hot pressing
time dwell at 1750 °C and pressure of 39 MPa is shown in Fig. 9. The diagram
proves that.the whiskers of f-silicon nitride significantly influence the densification
only at additions of 30 wt. %, of whiskers in powder I. Smaller amounts of p-silicon
nitride whiskers do not significantly influence the densification curves. The effect
of another phase (in the present case of $-silicon nitride whiskers) on the sinterability
of composites can be expressed by the ratio of the matrix stress relaxation rate
to the rate of matrix densification [31—33]. A high value of this ratio is advant-
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ageous, since in such case the composite will densify similarly to the matrix
without any addition of another phase. In the case of application of inclusions
with a thermal expansion coefficient close to that of the matrix one can assume
that the matrix will be more capable to absorb the stresses resulting from the
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Fig. 9. Density of materials, gre1, v8. isothermal holding t during hot pressing;

Addition of B-SisNg whiskers: SisN, powder:
a ... O0Owt.%, 5wt Y%, I (H. C. Starck)
o . . . 10wt.%, ... 30wt %;
"o . . . Owt.9%, 10wt %, 20wt.% II(UACH SAV).
80}
1
®
L 1ot
e B-Si; Ny
(&
ao
z
~
¥
pY4

1 [} [ 1
0 10 20 30
rnw/hm %

Fig. 10. The coefficient of fracture toughness of the materials, K., vs.the content of whiskers, my;
1 — 4nitial powder I (H. C. Starck), 2 — initial powder 11 (UACH SAV), 3 — ref. [30].
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presence of inclusions, than in the case when the thermal expansion coefficients
are different. For example, application of silicon carbide whiskers in a matrix
of silicon nitride will substantially slow down the sintering process [30]. A com-
parison of the rates of densification of compacts prepared from powders I and II
speaks in favour of powder II, which is obviously a result of its advantageous
morphology. The particles of powder II (Fig. 6b) are isometric, of quasispherical
shape, which is very convenient in the first stage of hot pressing (rearrangement
of particles). The compact will attain a dense arrangement in a shorter time than
in the case of initial powder I, whose particles have sharp edges, projections and
the wide distribution of particle sizes. The fracture toughness curves calculated,
according to the equation (9) in terms of the content of B-silicon nitride whiskers,
are shown in Fig. 10 for materials prepared from powders I and II. The relative
densities of all the compacts tested, whose fracture toughness coefficients K¢
are given in Fig. 10, were higher than 0.96. Fig. 10 also shows the K;¢ values
for ceramics with a matrix of silicon nitride reinforced by whiskers of silicon
carbide [30]. A comparison of all three curves indicates that the materials with
whiskers of f8-silicon nitride prepared in the present study show a comparable or
higher fracture toughness compared to materials reinforced by whiskers of silicon
carbide. The content and composition of additions producing a liquid phase was
identical for all the materials mentioned. Fig. 11 shows the loss in weight of com-
pacts during hot pressing in terms of the content of f-silicon nitride whiskers.
The values are given for the isothermal dwells at which the compacts attained
a density higher than 0,96. The positive effect of an elevated content of whiskers
on the loss in weight is obvious.

Reinforcing of ceramics by whiskers involves several mechanisms which may
be effective separately or simultaneously in the coursc of crack propagation
through the material (Fig. 1). Whisker pull-out from the matrix is possible when
the stress transmitted to the whisker excceds the strength of the whisker-matrix
interphasz. The whisker-matrix interfacial strength depends on the coefficient
of friction and on the stress acting perpendicularly to the interface parallel with

1756°C
8l 39MPa
6}
°
o
= 4
3
<
2 -
1 1 5.
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m,,,/hm“/o

Fig. 11. The wieght loss of the material, N\ m, during hot pressing, vs. the content of B-Si;Ng whiskers,
My.
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the longitudial axis of the whisker. This stress is a function of the difference
between the coefficients of thermal expansion of the matrix and the whiskers.
If these two values are very close, asis in the case of using B-silicon nitride whiskers,
the stress is minimal or zero and pull-out from the matrix can occur. Figs. 12a, b
show the imprints of 8-silicon nitride whiskers pulled out from the matrix during
catastrophic propagation of a crack for both types of materials. This means that
in that case the tensile stress acting on the whisker was smaller than the tensile
strength of the whisker, but greater than the whisker-matrix interfacial strength.
The pull-out of whiskers from the matrix appears to be one of the most important
mechanisms influencing the toughness of composites. Lundberg et. al. [34] found
that if the bond between silicon carbide whiskers and the matrix is very strong
compared to the tensile strength of the whisker, the pull-out of whiskers is not
observed, and the fracture toughness decrcascs slightly with increasing content
of whiskers. '

The deflection of the direction of the expanding crack is documented in Fig. 13.
Faber and Evans [35] found that rod-shape inclusions are most advantageous
for changing the direction of crack propagation. They demonstrated that the tough-
ness of composite increases with increasing aspect ratio of whiskers. In |the present
study, the B-silicon nitride added contained not only high-aspect ratio crystals,
but also three-dimensional particles (Fig. 14a) and, moreover, the whiskers also
formed agglomerates (Fig. 14b). It can therefore be assumed that these two forms
oceurring in the material either did not contribute at all, or contributed very
little to improving the fracture toughness.

The materials prepared from powders I and II without addition of B-silicon
nitride whiskers were ground to the form of cutting tools at the DIAS Turnov
State Enterprise. The cutting properties of the tools were tested at the Research
Institute of Machine Tools in Prague. The tests were carried out on the cast iron

é.
LU
0,3/
o,z-/%/
ZRZR7
07
0,1-Zé¢
4/

Fig. 15. Maximum wear of cutting tools, A1, during cutting tests; Ay — material prepared from ini-
tial powder I (H. C. Starck), B, — material prepared from initial powder II (UACH SAV), R, —
Silinit (USSR), SL100 — Feldmithle (FRG).
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specimens with a hardness of 210 to 235 HB under the folloving machining con-
ditions: cutting speed 300 m min—1, feed 0.875 mm per revolution, engagement
depth 1.5 mm, net time of engagement 3 min. The wearing results are shown
in Fig. 15, for the sake of comparison with the results for tools made by world
manufactures (SL 100 — Feldmiihle, F. R. G.; Silinit R1 — U.S.S. R.).
The performance properties of the materials prepared in this study are compa-
rable to those of the commercial products mentioned above.

CONCLUSIONS

1. An addition of finely dispersed silicon nitride powder to the initial mixture
of silica and carbon promotes conversion of silicon dioxide to silicon nitride during
carbothermal synthesis of silicon nitride and reduces the mean particle size of the
product.

2. Larger surface areas of the seeding powder promote the effects given in
paragraph 1.

3. An isometric shape of grains of the initial silicon nitride powder facilitates
reorganization of particles in the initial stages of sintering by the hot pressing
method, which substantially shortenes the time required for the preparation of
a dense material.

4. The fracture toughness of materials based on silicon nitride prepared by hot
pressing can be improoved by an addition of 5—20 wt. 9, of @-silicon nitride
whiskers.
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PRIPRAVA PRASKU «-Si;N, A KERAMIKY
SPEVNENEJ WHISKRAMI 8-8i;N,

Tibor Ligko, Pavol Sajgalik

Ustav afiorganickej chémie,
Slovenskd akadémia vied, Dubravskd cesta 9, 8§42 36 Bratislava

Ohrevom zmesi jemnedisperzného oxidu kremigitého a uhlika pri teplote 15600 °C podas 7—
—8 h v pride dusfika s prietokom 40—-50 cm? min—! (prietok vztiahnuty na 1 g SiO, vo vycho-
diskovej zmesi) sa pripravil a-nitrid kremika s obsahom dusika 35—37 hm .9%,, kyslika 3—4
hm .9% a uhlfka 1 hm .9% a strednou velkosfou &astic okolo 1 pm. «-nitrid kremika vzniks
zrdZanim z plynnych reaktantov SiO, N,, CO. Pozitivny vplyv pridavku kryitalizaénych z4-
rodkov «-nitridu kremika na rychlost reakcie, zniZzenie velkosti &astic a morfolégiu produktu
rastie s rasticim povrchom o&kovacieho prasku.

Z prégku nitridu kremika s pridavkom oxidu ytritého a oxidu hlinitého sa hortucim lisovanim
pripravil keramicky materiél s lomovou huzevnatostou okolo 6 MPa m! 2, ktord moZno zvysit
pridavkom whiskrov B-nitridu kremika. Z materidlu sa vybrusili rezné dostitky, ktorych opo-
trebovanie pri intenzivnom opracovéivani zliatiny je na urovni opotrebovania reznych dosti¢ek
vyrabanych komeréne v zahraniéi.

Obr. 1. Mechanizmy zhuevnatenia keramického materidlu whiskrami; a) pevny whisker zastavi
4irenie trhliny (premostenie), b) ak napitie v &ele trhliny prevysi pevnost whiskra, whisker
sa pretrhne a trhlina sa $iri dalej, c) vytahovanie whiskra z matice, d) odklon smeru sirenia
sa trhliny v dbsledku napiti v okolt inklizit.

Obr. 2. Grafitovy reaktor; 1 — privodnd a vyvodnd trubidka, 2 — termoéldnok, 3 — ochrannd ko-
rundovd kyveta, 4 — téglik s uzdverom, 5§ — reakénd zmes, 6 — perforované dno.

Obr. 3. Morfoldgia typickych produktov syntézy; a) bez krydtalizaénych zdrodkov (produkt S-72),
b) s pridavkom 10 hm .Y, S-72, c) s pridavkom 10 hm.% LCI12, d) s pridavkom 5 hm.%,
IPM a dpravou refimu ohrevu,
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Obr. 4. Vplyv mnokstva krystalizadnych zdrodkov nitridu kremika IPM na rychlost uvoliiovania

CO opri karbotermickej redukcii d nitriddcii oxidu kremibitého; ........ 0 hm. %,
5mm.%, —..—..—..— 10km. 9%, --------- 20 hm. 9,:

Obr. 5. Vplyv réznych druhov krystalizaénych zdrodkov nitridu kremika na rychlost uvolfiovania

CO pri karbotermickej redukcii a nitriddcii oxidu kremiéitého; --------- 10 km.9, LC12,

—e— . —..— 10 km. Y, S-72, — — 10 hm. 9, PCS, ........ 10 hm. %, IPM.

Obr. 6. Vychodiskové pradky nitridu kremika poufité na pripravu materidglov horicim lisovanim.
a) I (H1, H.C. Stark), b) II (UACH SAYV).

Obr. 7. Whiskre B-nitridu kremika pouZité na pripravu vychodiskovych zmesiy a) mikrofotografia
b) rozdelente podla §tihlosti (f — pobetnost vs stihlost — 1/d).

Obr. 8. Schéma pripravy vychodiskovych zmesi.

Obr. 9. Zdvislost hutnosti materidlov, pre1 od 1zotermickej vydrie horiiceho lisovania, .

Pridavok B3-8i;N, whiskrov: pradok SizNy:

5. .. 0hm.%,5 hm.%

0. ..10mm.% A . . . 30 hm.%Y; I (H.C. Starck)
e . . . 0hm.%,10 hm.%;, 20 hm.%, 11 (UACH SAV)

Obr. 10. Zdvislost koeficientu lomovej hufevnatosti materidlov, Ky, od obsahu whiskrov, my. 1 —
vychodiskovy prasok I (H. C. Starck), 2 — wvjchodiskovy prddok II (UACH SAV), 3 —
prdca [30].

Obr. 11. Zadvislost ubytkw hmotnosti materidlu, Am pri horucom lisovani od obsahu whiskrov
B-Si3Ns, my.

Obr. 12. Odtladky whiskrov B-nitridu kremika po ich uvolneni z matice.
Obr. 13. Mikrofotografia dokumentujica citk-cakovy tvar §irenia trhliny.

Obr. 14. Mikrofotografia inklizii,
a) velkad Sastica bez vyznalného rozmeru
b) aglomerdt

Obr. 15. Maximdlne opotrebovanie reznych dostitiek, Al pri reznych skuskach;
Ay — materidl pripraveny z vychodiskového prasku I (H. C. Starck),
By — materidl pripraveny z wyjchodiskového prasku II (UACH SA V),
R, — Silinit (ZSSR),
SL100 — Feldmithle (NSR).

INNPUTOTOBJEHHNE ITOPOIIKA «—SisNg 1 KEPAMUKH,
VIIPOUHEHHOII BUCKPAMMU B—SisN,

Tubop JInuko, [lasoa Illaitranuk

Hucrmumym Heopeanuueckoti Tumul,
Caosayras axademusn mayx, Hybpascka yecma 9, 842 36 Bpamucaasa

HarpeBoM cMecH TOHKOJMCIEPCHOTO OKCH/A YeThipeXBaJIeHTHOTO KPEeMHHMS U Yrilepofa
npu Temnepatype 1500 °C Bo Bpems 7—8 uacoB B OTOKe 330Ta ¢ NpoTokoM 40—50 cM3 MuB—1
(npotog B cooTHommenuu Ha 1r SiO, B MCXOpHON cMecu) MOJYYMJIM o«-HATPHA KPEMHHA,
copepaamero 35—37 % no Becy aszora, 3—4 % Do Becy Kuciiopoja 1 1 % mo Becy yraepoaa
CO CpelHMM pa3MepoM YacTHI OKOJI0 1 uM. a-HUTPHI KpeMHuA o0pa3dyeTcA oOcajieHueM
n3 razoobpasnpix peakraHToB SiO, N2, CO. OxasbiBaeTcs NOJIOKHUTEIbHOE BINAHNE {00aBKR
KPHCTaJUIMUeCKUX 3apOAblMell q-HATPHAA KPeMHHA Ha CKOPOCTh PeaKmiM, NOHMKEeHHe pas-
Mepa 4YacTHI, I MOP(OIOrnI0 MPOAYKTa U OHO pacTeT ¢ MOBHIMANIeicA MOBEPXHOCTEHIO
3aIpaBoYBOI'0 MOPOMIKA.

M3 mopomxa BATpuA KpeMHus ¢ j00aBKO# OKcujla TpPexBaJeHTHOTO HTPHA N OKCHAA
TPEeXBAaJIEHTHOI'0 aJIOMUHHA 1'OPAYAM NpeccOBaHHEM IOJYYMJIM KepaMHYecKMII MaTepmall
¢ TpemuHOCTOWKOCTBIO OkoNO 6 MIla M'/2, KoTopyi0 MO#HO mOBHICUTH H00aBKOH BHCKPOB
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p-EuTpuia Kpemmua. U3 matepmaja OTILIEQOBANE pe3NE, HBHOMEHHOCTh KOTOPHX MHpH
HETEHCUBHOR 06paloTKe cllIaBa HAXO[AUTCSA HA YPOBHE H3HOILIEHHOCTH Pe3l0B, IPUIOTOBJICH-
HBIX [JIs1 NPOJAsKu 33 TPaHAmed.

Puc. 1.

Puc. 2.

Puc. 3.

Puc. 4.

Puc. 5.

Puc. 6.

Puc. 7.

Puc. 8
Puc. 9.

Puec. 10.

Puc. 11.

Puc. 12.
Puc. 13.

Puc. 14.

Puc. 15.

Mexaruamb nogLIULEHUR MPEUPUROCMOUKOCIU KEPAMULECK020 MAMEPUALA SUCKDAMU.
a) npoyHblii BUCKEDP 0CMAHASAUBAEM DPACNPOCMPAHEHUE MPEwpurbl, 6) Kozda Hanps-
HceHue 6 nepeoHell wacmu MmpeuyuHdl 0KaA3bIBAEMCR 6blULe NPOUHOCMU BUCKDA, GUCKED
paaphleaemcs U mMpeuguHa pacnpocmpaHiemca 0aaduie, ) 6biMAZUGAHUE GUCKDA U3
MAMPUYbL, 2) OME WOHERUE HANDAGAEHUR PACILPOCMPAHEHUR MPEUSUHBL 6 pe3yabmame
HANPANCEHUR 6 6AUSOCIMU BKAIONEHULL.

I'pagumoswniii peaxmop; 1 — nodeodnaa u omeodnas mpybru, 2 — mepmonapa,
3 — szawyumnas ropyndosan kiogemma, 4 — muzeadb ¢ 6eHMUACM, 5 — DEARYUOHHAS
cmecy, 6 — pewemuamoe Oro.

Mopgoaozus munuveckux npodyxmos cunmeaa: a) 6€3 KpUCMALAUNECKUL 3aPpodsluse it
(npodyrm S-72), 6) ¢ dob6askoii 10 % no eecy S-72, 6) ¢ dobasroii 10 % no eecy LC 12,
2) ¢ dobasioii & % no éecy I PM u c npucnoco6ieHHbIM PENCUMOM HAZDEEQ.

Bausnue kosuwecmea xpucmansuneckux aapodviueli Humpuda xpemrus IPM na cko-
pocmy guideaenusa CO npu xap6omepmuneckom 60CCMAHOBAEHUU U HUMPUOUIAYUU
0KCUOA 4eMBLPETEANEHMHOZ0 KPEMHUR. & « o ... 0 % no secy, 5% no eecy,
—..— 10 % no secy — — — — — 20 % no eecy.

Bauarue pasnnx 6udos kpucmasauseckuz aapodviuteli Humpuoda KpemMHUS Ha CKOPocmb
evideacnun CO npu kap6omepmuveckom 60CCMAHOBACHUL U HUMPUIUIAYUU 0KCUOQ
YEMbLPETEARCHMHO020 KDEMHUR, — — — — — — — 10 % nosecy LC 12, — . .— 10 %,
no eecy §-72, — — — — — — 10 % no eecy PCS ...... 10 % no eecy IPM.

Hcxodnblie nopoweku HUMPUId KPEMHUR, UCNOAb3YEMblE OAR NPUSOMOBACHUA Mame-
puaaoe zopauwum npeccosarnuem: a) I(HI1, H. C. Starck), 6) 11 (HHX CAH).

Buckpbl B-Humpuda kpemHUR, ucnoabayemble 048 NPUOMOSAIEHUR UCTOOHBIZ cmeceil:
a) murpogomocvemra, 6) pasdesenue (f — wacmrocmb) e aasucumocmu om omHo-
wenua daukrbl k¥ duamempy ifd.

Cxema npucomosaerus cmecell.

3asucumocms niOMHOCMU MAMEPUALOE, @rel OM UBOMEPMUNECKOL 6LIOEDHCKU 20 PANE20
npeccosarun, T:

do6asxa o — SisN4 euckpos: nopowor SizNa:

D . 0% no eecy 5 % no eecy I (H. C. Starck)

¢} 10 % no eecy; A ...30 % ne eecy

e ... 0% no eecy, 10 % no eecy, 20 % no eecy II (MHX CAH)
Bagucumocms KosPuyuenma mpeuwgurocmotikocrmu .uam,epuanoe, K1com codepmcarus
euckpos, Mw: 1 — uczodnui nopowox I (H. C. Starck), 2 -— ucxodnsiii nogowox II

(MHX CAH), 3 — pa6oma [30].

Basucumocmy eecogoli ybriau mamepuasa, Am npu zopasem npeccoganuu om codep-
acanun guckpoe B-SisN4, mw.

Caedvr om euckpos B-HUMPUOa KpeMHUA Nocae UT YOAAEHUR U3 MAMPUYbL.

Muxpoomocvemra, NOKA3BIBAIOUAR 3U2-3A206Y10 PopMY DPACHPOCMPANEHUR mpe-
WUHDL.

Muxpogpomocoemia 6KkalOueHUL A) KPYNHAA wacmuya 6e3 3HAYUMEALHOZ0 PA3MEDPQ,
5) aeaomepam.

Markcumanvroe usnowenue peayos, Al npu pezameavrwix ucnsmanuaz: Ay ... ma-
mepuaa, npuzomogrerkbiii uz ucxodnozo nopowsa I (H. C. Starck), B ... mamepuax,
npuzomosaennbiil us ucxodnozo nopowra 1I (MHX CAH), R: ... cusunum (CCCP),
SL 100 ... Feldmiihle (@PT).
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Fig. 3. Morphology of typical synthesis products; a) without seeding crystals (product S-72), b) with
an addition of 10 wt. %, of S-72, ¢) with an addition of 10 wt. %, of LC12, d) with an addition of
5 wt. Y, of IPM and using an adjusted heating regime.
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Fig. 6. Initial powders of silicon nitride employed in the preparation of materials by hot pressing
a) I (H1, H. C. Starck), b) 11 (UACH SAYV).
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Fig. 7. Whiskers of [B-silicon nitride used in the preparation of initial mixrtures. a) micrograph.

Fig. 12. Imprints of (-silicon nitride whiskers after their pulling out from the matriz.
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Fig. 13. A micrograph showing the changing direction of crack propagation.
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Fig. 14. A micrograph of inclusions; a) large particle without any outstanding dimensions, b) agglo-
merate.

Silikaty ¢. 2, 1991






