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Method for manufacturing ceramic components

Field of the invention

The invention relates to a method for manufacturing ceramic components with a
tailored microstructure through applying a sintering procedure in at least two steps,
where a first step relates to the sintering and a second step involves a controlled grain
growth in three dimensions.

Background of the invention

The use of a current to aid in the sintering of ceramic materials has been published in
a large number of papers.

Electric pulse assisted consolidation (EPAC) includes all processes based on heating
the material to be sintered with a pulsed DC current. Other names for this technique
are spark plasma sintering (SPS), pulsed electric current sintering (PECS), field
assisted sintering technique (FAST), plasma-assisted sintering (PAS) and plasma
pressure compaction (P2C). These techniques will hereafter be referred to as SPS.

SPS is a relatively new sintering technique, even though the idea to compact metallic
materials by an electro-discharge process existed already in the 1960s (U.S. Patent
3,241,956). Electrical energy pulses are applied to a powder which is placed in a die
between conducting punches. The sintering method allows production of fully dense
materials within minutes while applying high heating rates and short dwell times. A
pulsed DC current with typical pulse durations of a few ms and currents of 0.5-30 kA
flows through the punches, the die and, depending on the electrical properties of the
specimen, also through the specimen. The electrical pulses are generated in the form
of pulse packages where the on:off relation is in the region of 1:99 to 99:1. The
pressure is directly applied on the punches in a uniaxial direction, and thereby on the
powder bed, and is typically between 5 and 200 MPa. The technique is today used to
compact a variety of different metallic and ceramic materials.

Using conventional sintering methods like hot pressing (HP), hot isostatic pressing
(HIP) or pressure-less sintering, the densification of ceramic materials such as silicon
nitride and sialon (silicon nitride based material where silicon and nitrogen are
substituted with aluminium and oxygen) is accompanied by an uncontrolled growth
of the crystalline grains. The normal sintering practice, both for conventional
sintering methods and for SPS, is often to heat the powder to be sintered at a certain
rate and thereafter holding it at a certain temperature and pressure until the maximum
density is reached. The grain size is then increasing with the density. The uniaxial
pressure leads to an anisotropic microstructure of the ceramics, as the grain growth is
favoured perpendicularly to the pressure. The orientation and dimensions of the



crystalline grains of the ceramics have a large impact on the mechanical properties of
the components. A lot of effort has therefore been focused on attempts to tailor the
grain sizes and microstructures of the ceramics in order to obtain desired mechanical
properties of the resulting components.

It is known to use SPS for sintering ceramics with very fine grain structure. In US
5,622,905 a sintered silicon nitride body is described having a uniform fine crystal
size not exceeding 200 nm after sintering by spark plasma sintering, microwave
sintering, ultra-high pressure sintering, or the like.

Several publications report on sintering of silicon nitride and sialons with SPS. In
"Formation of in situ reinforced microstructures in alfa-sialon ceramics: Part III;
Static and dynamic ripening", J . Mater. Res. Vol. 19, No 8, Aug 2004, pages 2402-
2409, is described how (YB+Y)-stabilized alfa-sialon samples are consolidated by
spark plasma sintering. It was found that below a temperature threshold
consolidation of alfa-sialon could be achieved with very limited grain growth. A
temperature threshold for grain growth is also observed and annealed consolidated
samples were showing elongated alfa grains.

Description of the invention

An object of the present invention is a method for tailoring the microstructure of
sintered ceramic components.

Another object of the invention is to manufacture sintered ceramic components by a
fast and energy efficient method.

Another object of the invention is to manufacture sintered ceramic components of
silicon nitride and/or sialon, having excellent mechanical properties.

The objects of the invention are realised by sintering a ceramic powder or green body
in a SPS apparatus in at least two steps. By separating densification from grain
growth, it is possible to tailor the microstructure of the component. By performing an
initial sintering step at a first temperature and a first pressure, followed by a
controlled grain growth step at a second temperature, higher than the first
temperature, and a second pressure, lower than the first pressure, new possibilities to
improve the mechanical properties of ceramics through microstructure design are
possible.

Different crystal structures are differently favoured by this procedure. The
microstructural development in the two polymorphs, α and β, of silicon nitride and
sialons is different in the way that the α-phase generally consists of equi-axed grains
while the β-phase has elongated, rod-like grains. These differences lead to variations



in the mechanical properties of the materials, depending on the crystal structure. For

example Ct-Si3N4 possesses higher hardness than P-Si N , while the elongated

structure of the β-grains promotes a higher toughness. The same is valid for α- and β-

sialons. In the case of both sialons and Si N , the β-structure is more favoured by this

procedure than the α-phase. The controlled growth of the rod-like β-grains gives a

whisker-like structure, resulting in a reinforced material. The α-grains can become

elongated, but those grains are coarser than the β-grains and the improvement of the

mechanical properties is therefore less pronounced.

The component manufactured in accordance with this invention shall have a β-Si3N
or a β-Sialon content which is at least 50 % by weight of the total weight.

The temperature, time and pressure used in the at least two steps are dependent on

the composition of the material to be sintered as well as of the component size.

Evaluation of proper conditions is made by taking out test samples in order to

establish the optimum conditions for achieving a three-dimensional microstructure

with elongated β-grains.

Brief description of the figures

FIGURE 1. Schematic diagram showing changes in temperature and pressure with
time, illustrating the present invention.

FIGURE 2 . Scanning electron micrograph showing the grains of a sample prepared

according to Example 1, with arrows indicating the direction of the pressure applied.

Detailed description of the invention

Improved ceramic components can be obtained through a controlled grain growth in

the SPS unit, where a whisker-like material can be formed by the controlled growth

of the rod-like β-grains. In brief, a SPS process with an initial sintering step where

densification occurs, followed by a controlled grain growth step through a

combination of a change in both temperature as well as pressure, will result in a

component with improved mechanical properties in three dimensions.

In the first step sintering is taking place at a first temperature and a first pressure

until the material is fully or near fully dense. This step is interrupted when

densification has stopped or slowed down considerably in order to prevent grain

growth. In a second step, grain growth is favoured by the combination of a second

pressure and a second temperature, where the second pressure is reduced in

comparison with the first pressure and the second temperature is increased in

comparison with the first temperature. The duration of this step is optimised for each



material and component as well as batch size, in order to achieve the desired

mechanical properties for the resulting component. The duration time thus needs to

be analysed on pre-produced samples in order to see for how long this step should be

performed. By reducing the pressure in the second step, anisotropy of the

microstructure is reduced, by allowing grains to grow more isotropically. Tailored

ceramic materials with reinforced structure can in this way be obtained, where grain

growth in three dimensions leads to improved mechanical properties.

The invention applies mainly to materials based on silicon nitride and sialon, but can

also be applied to other ceramic materials which can be sintered with SPS, such as

tungsten carbide. Additives such as Y2O3 or other rare earth oxides, AI2O3, AlN, TiC,

TiN, SiC and/or oxynitrides of silicon and aluminium can be included in the

powders, at a total amount of maximum 10 wt%. Unavoidable impurities may be

present in the materials.

A schematic structure of the sintering cycle is shown in figure 1. For sintering of

silicon nitride and sialon based materials according to the present invention a heating

rate applied is between 5 and 600 0C min 1 , preferably 50-150 0C min 1. The first

temperature of the first step, Tl, is the temperature where full or almost full

densification occurs, which for S13N4 and sialon is between 1500 and 1600 0C . The

density is then at least 99 % of the theoretical density, or at least 97 % . The first

pressure for this step, Pl, is normally between 20 and 150 MPa, preferentially

between 30-70 MPa. The duration for this step, tl, is between 1 and 60 minutes,

typically between 3 and 20 minutes, depending on the parameters mentioned above.

The temperature is thereafter increased to a second temperature, T2, which is

typically 100 to 200 0C above Tl, preferentially between 1600 and 1750 0C .

Simultaneously, the pressure is lowered to a second pressure, P2, in order to apply a

low pressure, typically less than 5 MPa or less than 10 MPa, as the machine normally

requires that some pressure is applied. The duration of the second step, t2, is between

1 and 60 minutes, typically between 3 and 20 minutes.

The sintering procedure includes high heating rates (steep heating ramps) and a short

holding time at the desired temperatures.

In figure 2 is shown the microstructure of a sialon material produced according to the

present invention, showing an isotropic distribution of the elongated β-grains. The

direction of the pressure P l in the first step is shown by the arrow in the figure. The

second step having a lower pressure P2 allows for β-grains to grow in many

directions.

It is through this process possible to form a dense material with a tailored

microstructure, within one hour, or more typically within 30 minutes. The cooling

down of the sample can either be programmed or the sample will cool down

automatically as the current is switched off.



The materials produced through the method of this invention can be used in a full

range of applications where high performing ceramic components are needed, such

as all ceramic or hybrid bearings, cutting tools and engine components.

Examples

Example 1

A powder was produced through mixing of 9 1 wt% S13N4 (dso <0.5 µm), 5 wt% Y2O3

(dso <0.9 µm) and 4 wt% SiAl O N (dso <2.50 µm). The powder was mixed in a

liquid medium and freeze dried. The powder was inserted into a graphite die

chamber of an SPS unit and the chamber was closed by two punches. The

temperature was initially automatically raised to 600 0C. Subsequently, a heating rate

of 100 0C min 1 was applied. The sample was densif ϊ ed at a first temperature of 1550
0C for three minutes and thereafter treated at a second temperature of 1700 0C for

four minutes. The temperature was measured with an optical pyrometer focused on

the surfaces of the sintering die. The sintering took place under vacuum. The first

pressure was kept at 50 MPa for the first step and was lowered to a second pressure

of 5 MPa at the second step. A ceramic component was formed with a Vicker's

hardness, HV10, about 1800 kg mm 2 and a fracture toughness, K 1c, of 6.4-6.8

MPa-m 1/2 . The sintered material consists of a mixture of 80 wt% β-sialon and 20 wt%

α-sialon, measured through X-ray powder diffraction. The β-grains have an average

aspect ratio of approximately 1.2 x 0.3 µm .

Example 2

Sialon samples were prepared according to the composition and powder preparation

of Example 1. The samples were sintered in one or two steps, respectively, according

to the table below. The change in aspect ratio of the grains is clear when a second

step is performed at a high temperature. It is mainly the length of the grains that is

increasing, while the width shows a minor increase. Further, the aspect ratio of the

grains affects the mechanical properties. Sample no 5, sintered in two steps, shows

optimised properties.

Sample Temp.1/ Timel/ P1/P2 Density Stdv Hv 10
Stdv Length, Stdv Width Stdv

no. Temp.2 Time2 (MPa) (9 cm 3) (MPa- (±) (GPa) (±) (±) ,y (±)
("C) (min) mi a ) (µm) (µm)

1650 single
1 5 50 3 23 6 2 0 5 20 0 4 0 7 0 26 0 28 0 1

step



1700 single
2 5 50 3 23 5 7 0 4 19 6 0 5 0 84 0 65 0 32 0 2 1

step

1750 single
3 5 50 3 22 5 8 0 4 19 6 1 4 1 04 0 54 0 4 0 24

step

4 1550/1650 3/5 50 / 5 3 23 5 0 0 4 19 3 1 8 0 44 0 17 0 25 0 09

5 1550/1700 3/5 50 / 5 3 24 7 2 1 2 20 9 1 4 1 22 0 69 0 3 1 0 17

6 1550/1750 3/5 50 / 5 3 24 5 5 0 3 19 1 0 3 1 3 0 88 0 35 0 26

Example 3

As a comparison to Example 1, another sample with the same powder composition
and component dimensions was sintered in the SPS-unit. The sintering conditions
were the same except for in the grain growth step, where this latter sample was
subjected to a second pressure of 50 MPa instead of the low second pressure of 5
MPa typical for this invention. The sintering conditions and results from indentation
measurements are shown in the table below. The Vicker's hardness, Hv

10
, is high for

both samples, but slightly higher for Example 1. The largest difference is however
for the fracture toughness, K1C, where the low pressure of the grain growth step for
Example 1 has lead to a much higher toughness compared to when a high second
pressure was applied. Also the fracture indentation toughness in the case of example
1 was homogeneous throughout the sample, while example 2 showed clear variations
from sample edges to core.

Sample T1/T2 (0C) t1/t2 (min) P1/P2 (MPa) Hvio (kg mm 2) K1C (MPa m 1/2)

Example 1 1550/1 725 4/3 50/5 1800 6.4 - 6 .8

Example 2 1550/1 725 4/3 50/50 1740 4.3 - 6.1



Claims

1. A method for manufacturing ceramic components with a tailored
microstructure by a SPS sintering procedure, characterised by that a powder
or pre-formed green body is treated in a first densification step at a first

temperature (Tl) and a first pressure (Pl) in order to density the powder or
green body, and then treated in a second grain growth step following the first

step at a second temperature (T2) which is higher than the first temperature
(Tl) and a second pressure (P2) that is lower than the first pressure (Pl) in
order to promote anisotropic grain growth of elongated grains in the
component.

2 . A method in accordance with claim 1, characterised by that the ceramic
component comprises silicon nitride or sialon or mixtures thereof, and that

the elongated grains are of β-silicon nitride and/or β-sialon.

3 . A method in accordance with claim 2, characterised by that the elongated
grains make up more than 50 weight% of the component.

4 . A method in accordance with claim 1, 2, or 3, characterised by that the
powder or pre-formed green body additionally comprises rare earth oxides,
aluminium nitride, aluminium oxide and/or oxynitrides of silicon and
aluminium.

5 . A method in accordance with claim 1, 2, 3 or 4, characterised by that the
powder or green body is treated in the first step at a first pressure, a un i

axial pressure between 20 and 150 MPa, or 30-70 MPa, a heating rate of 5-

600 0C min 1 and a first temperature between 1400 and 1600 0C or 1450 and
16000C and that the second temperature of the following grain growth step is

between 1600 and 1800 0C, or between 1650 and 1750 0C and the second
pressure is below 5 MPa, or belowlO MPa.

6 . A method in accordance with any of the preceding claims, characterised by
that a holding time of the first densification step is long enough to obtain a
density of not less than 97 %, or not less than 99 %, of the theoretic density.



7 . A method in accordance with claim 6, characterised by that the holding time
of the first densification step is between 1 and 60 minutes, or between 3 and
20 minutes.

8. A method in accordance with claim 5, 6 or 7, characterised by that the
holding time of the following grain growth step is between 1 and 60 minutes,
or between 3 and 20 minutes.
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