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Abstract

Itis known that SiC powders can be densified at relatively low temperatures (1850-2000 °C) with some oxide additions. In this work the densification
behavior, microstructure and mechanical properties (bending strength, fracture toughness, hardness) of SiC ceramics pressureless sintered with
different additions chosen from oxide groups: Al,O5; + Y,03;, Al,O5 + Y,05; + MgO, were investigated. It was found that oxide additives facilitate
densification of sinters and significantly improve mechanical properties of SiC ceramics. The best activating oxide additions have been identified.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The two elements forming solid SiC structure co-exist in the
state of sp> orbital hybridization, thus forming four localized
bonds of tetrahedral symmetry. However, slight difference of
electronegativity of components leads to partial polarization of
molecular orbitals, which introduces some ionic component to
chemical bond.! Valuable properties of silicon carbide, includ-
ing very high hardness, excellent thermal, chemical and erosion
resistance, are the results of the existence of this strong direc-
tional chemical bond. On the other hand strong covalent bond
imposes low values of self-diffusion of carbon and silicon within
SiC structure. This is the principal reason for low sinterability of
pure SiC, thus the use of sintering activators (like boron + carbon
or MeO) is necessary in its sintering.

Due to introduction of small amounts of boron and carbon
to SiC powder, since the early 70s of the past century’ the
technology of manufacturing of dense quasi-monophase SiC
sinters has become manageable.” Such materials have excel-
lent all the above mentioned properties, while the increase of
their mechanical strength and fracture toughness still remains the
challenge for improvement. Significant, almost 100% increase
of these properties,>~’ may be achieved using oxide additives
as sintering aids (R.A. Alliegro, 1956; FF. Lange, 1975; K.
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Suzuki, 1982; R.A. Cutler, 1989), originating from the follow-
ing systems: SiO»—Al;03; Al,O3-Y,03; Al,O3-Y,03-MgO;
A1203—Y203—Ca0 and A1203—Y203—C.

It is believed that above oxides either due to reaction with
passivating silica layer coating the SiC grains, or due to reaction
among themselves, form liquid phases during sintering. On one
hand they activate the densification processes, and on the other
they improve some material’s properties. Strength increase may
be explained by filling pores by glassy phase, which decreases
efficiently the number of stress concentrating defects, whereas
the increase in fracture toughness may be achieved by change
in fracture mechanism itself.

The aim of the present work was the development of
dense SiC materials with use of pressureless sintering pro-
cess activation by oxide additives such as Al,O3z + Y703
and Al,O3 + Y203 + MgO mixtures, applied in the appropriate
weight ratios. Best sintered materials had phase analyses per-
formed, also their microstructures and mechanical properties
have been examined in detail, namely: Young and Kirchoff mod-
uli, Poisson ratio, bending strength, fracture toughness, Vickers
and Knoop hardness.

2. Materials preparation and testing techniques

Figs. 1 and 2 show schematically the raw materials’ prepara-
tion process and the conditions of sintering applied. Following
were the sintering variables: sintering temperature, soaking time
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Compositions
SiC + (AlOs+Y203) i SiC + (Alz03+Y20:+MgO)
made of average 1 micrometer size powders:

e - SiC (STARCK, UF-15);
e AlLO; (SIGMA - ALDRICH, cat. no 26, 774-0);
e Y,0; (SIGMA - ALDRICH, cat. no 20, 516-8);
e MgO (REACHIM, chemical purity 99%);
weight ratio Al,O5:Y20;, weight ratio Al,O5:Y>03:MgO
60:40 40:60 42:44:14 12:61:27

eutectic with
melting temperature
1760-1810°C

composition of

Y-Al type YAG
with melting temp.

1930-1950°C

liquid phase occurrence area within temp.
range 1700-1750°C

\d

Homogenization:
in ethyl alcohol, in rotating-vibrational mill, using sintered SiC
balls
homogenization time - 5 hrs

\d

alcohol evaporation; granulation

4

Forming: uniaxial pressing, unilateral p= 100MPa

\d

SINTERING

Fig. 1. The diagram of raw-materials preparation.

and application of mould powder. After sintering the apparent
density (pp) of all samples was measured by the Archimedes
method. Materials with highest density were chosen for phase
and microstructural analyses, as well as for mechanical proper-
ties testing.

The Young (E), Kirchoff (G) moduli and the Poisson ratio (v)
were determined by ultrasonic method (UZP-01; Inco Veritas).
Hardness has been measured by Vickers (HV) and Knoop (HK)
techniques, while fracture toughness (Kj.) was determined by
indentation; all tests performed on polished sections of sintered
samples (Future-Tech Corp. FV-700). The three-point bending
strength was measured on 40 mm x 6 mm X 4 mm rectangu-
lar bars with polished surfaces. Additionally, samples of the
same dimensions were used for determination of fracture tough-
ness (Kjc) by three-point bending of notched-beam specimens
method. Mechanical tests were performed using Zwick 1435
standard testing machine.

Visualization of grain boundaries was achieved by 15-20 min
etching of samples in boiling 10% solution (2:1 ratio) of KOH
and K3[Fe(CN)g]. Prior to etching the samples were polished
using polishing clothes and disks. Microstructural observations
were carried out using optical (Nikon Epiphot 300) and scan-

ning electron (Jeol 5400) microscopes. The phase composition
was determined by X-ray technique (X Pert Pro; Philips), while
elemental analysis was performed using the EDS microanalyser
(Link ISIS; Oxford Instruments).

3. Results

Table 1 shows the relative density of SiC materials
with varying quantities and weight proportions of activating
oxides, all pressureless sintered within the temperature range
1900-2000 °C. Two sintering methods were applied: in free
contact with surrounding atmosphere and in SiC mould pow-
der. Table 2 shows the results of phase analyses obtained from
X-ray diffraction studies.

Table 3 collects the results of properties testing: Young (E)
and Kirchoff (G) moduli, Poisson ratio (v), bending strength (o)
as well as fracture toughness (Ki.) measured using two tech-
niques: indentation and bending of notched beam. The results
of hardness tests are shown in Fig. 3 for Knoop, and in Fig. 4
for Vickers technique.

Figs. 5-7 show representative microstructures of sinters acti-
vated with oxide additives having variable amount and weight
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Amounts of additives:
Al,O3:Y,03=60:40 | Al,O3Y;0,=40:60 (YAG)| ALO3:Y,05:MgO=42:44:14 |ALO;:Y,O5:MgO=12:61:27
5; 10, 15, 20 wt. % 15, 20 wt. % 10 wt. % 10 wt. %
Process parametres:
» Vacuum to temp. 1200°C;
> Argon flow from 1200°C;
Temperature progress:
»to 1000°C - 20°C/min.;
» 1000°C — 1650°C = 15°C/min.;
» 1650°C — final temp. = <10°C/min.;
Sintering Temperature /Soaking Time
1. 1900; 1950; 2000°C/ 1 hr 111950/ 2 hrs AlLASSO L Shisy
in mould SiC powder
Sintering performed in high-temperature furnace
Analyses of materials:
density; X-ray diffr. analysis; microscopic microstructure analysis;
properties: HV, HK, Ki.;ou; E, G and v
Fig. 2. The diagram of pressureless sintering process.
Table 1
The relative density of SiC materials with varying quantities and weight proportions of activating oxides
wt.% of Additive composition TD (g/cm3) Relative density (%)
additive (weight ratio)
AL O3 Y,03 MgO 1900°C, 1h 1950°C, 1h 1950°C,2h 1950°C, 2hin 2000°C, 1h
mould powder
5 60 40 - 3.25 90 £ 4.0 94 £ 3.0 95 £35 94+ 15 85 +2.0
10 60 40 - 3.30 94+ 1.0 94 + 0.5 94 £ 0.5 96 £ 0.5 84 + 0.5
15 60 40 - 3.34 91 £ 15 95 £ 1.5 93 £ 0.5 95 £ 0.5 82 +2.0
20 60 40 - 3.39 93 £ 0.5 93 +25 92 £ 0.5 95 £ 0.5 83 £ 1.0
15 40 60 - 3.36 95 £ 0.5 91 £4.0 93 £ 0.5 95 £ 05 86 £ 1.5
20 40 60 - 341 94 + 0.5 95+ 1.0 93 £ 0.5 94 + 0.5 81 + 1.0
10 42 44 14 3.29 82 + 4.0 89 + 0.5 77 £35 96 £ 0.5 79 £ 2.0
10 12 61 27 3.29 80 £ 1.0 81 £35 81 £ 1.0 93 £ 0.5 74 £ 0,5
Table 2
The results of phase analyses obtained from X-ray diffraction studies
wt.% of additive Additive composition (weight ratio) XRD results
AL O3 Y,03 MgO
5 60 40 - 6H-SiC, 4H-SiC
10 60 40 - 6H-SiC, 4H-SiC, A, 03, Y4Al,09 (YAM)
15 60 40 - 6H-SiC, 4H-SiC, AL, 03, Y3Al5012 (YAG)
20 60 40 - 6H-SiC, 4H-SiC, Al,03, Y3Al5012 (YAG); C (graphite)
15 40 60 - 6H-SiC, 4H-SiC, Y3Al5012 (YAG)
20 40 60 - 6H-SiC, 4H-SiC, Y3Al50;2 (YAG)
10 42 44 14 6H-SiC, 4H-SiC, MgAl; 04, Y3Al5012 (YAG)
10 12 61 27 6H-SiC, 4H-SiC, MgAl;04, Y4A1,09 (YAM)
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Table 3

The results of properties testing: Young (E) and Kirchoff (G) moduli, Poisson ratio (v), bending strength (o1,) as well as fracture toughness (Ki.) measured using two techniques: indentation and bending of notched

beam

Poisson ratio

Kirchoff modulus (GPa)

Young modulus (GPa)

Fracture toughness (MPa m®d)

Three-point bending
strength (MPa)

Additive composition (weight ratio)

wt.% of additive

Notched beam

Indentation method

MgO

Y203

Al,O3

0.17 £ 0.02
0.18 £ 0.01
0.17 £ 0.01
0.19 £ 0.01
0.17 £ 0.01
0.17 £ 0.01
0.17 £ 0.01
0.17 £ 0.01

128.29 £+ 0.24
141.09 £ 0.75

298.81 £ 11.29
331.48 £+ 1.82

5.14 £ 043
523 £ 0.70
4.80 £ 0.49
5.42 + 0.50
5.65 £ 0.76
5.80 + 0.19
6.21 + 0.40
5.30 £ 0.77

4.92 £ 0.36
5.90 £ 0.20
5.66 £ 0.36
5.61 £0.29
4.87 £ 0.29
523 £ 0.16
524 £ 0.11
4.77 £ 053

332.15 £ 47.96
455.23 £+ 56.19
470.14 £ 19.69
498.22 4+ 49.34
470.19 £+ 100.54
450.34 £+ 60.21
440.09 £ 90.45
376.79 £ 61.26

40
40
40
40
60
60
44
61

60
60
60
60
40
40
4

10
15
20
15
20
10
10
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131.57 £ 0.34
132.01 £ 0.59

14571 £ 1.14

307.82 £ 2.73

313.46 £ 3.10

340.25 £ 2.83

133.21 £ 0.57
146.07 £ 0.36

31541 £ 3.12

341.82 £ 4.01

14
27

147.00 £ 0.81

324.84 + 4.19

12

ratio of oxides. The results of point and line EDS analyses of
precipitates observed under optical and scanning microscopes
are shown in Fig. 8. Microcracks were initiated within the mate-
rials by Vickers indenter in order to define the fracture path, and
pictures of such crack paths are shown in Figs. 9 and 10. The
map of distribution of stresses within the material containing
15% (40% Al,O3 +60% Y,03) was computer generated using
Pro/Mechanica software and it is shown in Fig. 11.

4. Discussion of results

The highest degree of densification, close to 95% of theo-
retical density, is achieved by all materials sintered in coarse-
grained SiC mould powder at the temperature of 1950 °C and
soaked at this temperature for 2 h. The effect of mould powder
is also reflected in 40% limitation of mass loss. When sinter-
ing is carried out in unlimited contact with gas atmosphere,
the mass losses for materials activated with Al,O3+ Y703
vary from 5% to 25%. The higher the activator addition, the
higher the losses, whereas for group of materials activated with
Al,O3+Y703+MgO the mass losses vary within narrower
range of 6-9%.

The results of XRD phase analysis presented in the
Table 2 confirm that obtained materials are of polyphase
nature. The crystalline phases present in these sinters, like:
YAG—Y3A150 12, YAM—Y4A1209, spinel—MgA1204, are
most probably the phases formed by reactions among the addi-
tives. It is very likely that they are residues from liquid phases
formed at given sintering conditions, or they may have been
formed as a result of solid-state reactions of additives. In sin-
ters activated with 60% Al,O3 +40% Y,03 in the amounts of
15% and 20%, additionally the presence of free alumina has
been identified. Microscopic observations of unetched mate-
rials showed the presence of other phases’ grains within the
SiC matrix. As the EDS analyses confirm, these phases are
rich in elements originating from oxide additives, i.e. aluminum
and yttrium (Fig. 8). These are probably the precipitates iden-
tified by X-ray phase analysis (Table 2). During microspopic
observations of sinters activated using Al,O3, Y,03 and MgO
oxides, the magnesium—aluminum spinel has not been identi-
fied, although its presence in these sinters was confirmed on the
basis of XRD analysis. In these samples also traces of randomly
distributed Mg have been found.

Microstructural observations (Fig. 6) of etched samples acti-
vated with Al,O3 and Y,0O3 (weight ratio Al,03:Y,03 = 60:40)
allow to notice that unidirectional grain growth dominates in
these sinters. Only in sinters activated with 20% oxide addi-
tions the average grain size decreases and isometric smaller
grains appear along with directionally growing grains. Simi-
lar microstructural pictures made of mostly small, isometric
grains can be observed in oxide activated sinters with 40%
Al,O3+60% Y,03 (Fig. 7a) as well as in sinters activated
with AlO3 +Y,203 +MgO (Fig. 7b). In these materials also
small contribution of directional or isometric larger grains can
be observed (Fig. 7), which may result from non-uniformity of
the initial composition. Both, directional grain growth as well
as the presence of large, isometric grains, together with occur-
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Fig. 3. Knoop hardness (on these plots: (A) Al,03, (Y) Y203, and (M) MgO).
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Fig. 4. Vickers hardness (same symbols as in Fig. 3).

rence of fine grains, allows to suggest the hypothesis of the
presence of reactive liquid phases taking part in the densification

process.

The values of Young and Kirchoff moduli and Poisson ratio
shown in Table 3 remain within relatively narrow limits; Young

modulus: 300-340 GPa, Kirchoff modulus: 130-150 GPa and
Poisson ratio: 0.16-0.19, respectively. The relationship between
Young modulus and density can be noticed, in particular for
materials with oxide additions Al,O3 + Y,03, of weight ratio
Al,03:Y,03 =60:40.

(b)
Fig. 5. Microstructures of unetched samples with visible oxide phase precipitates: (a) SiC + 5% (60Al,03 +40Y203) and (b) SiC +20% (60Al1,03 +40Y203).



786 A. Gubernat et al. / Journal of the European Ceramic Society 27 (2007) 781-789

(@)

b)

Fig. 6. Microstructures of etched samples: (a) SiC +10% (60%Al,03 +40%Y,03) and (b) SiC +20% (60%Al1,03 +40%Y,03).

Fig. 7. Microstructures of etched samples: (a) SiC +20% (40%Al,03 + 60%Y203) and (b) SiC+ 10% (42%Al,03 +44%Y,03 + 14%MgO).

The Knoop hardness is lower than Vickers hardness for all
examined materials and it remains within the limits ranging from
10 to 22 GPa for materials activated with 60% Al,O3z +40%
Y203. The Knoop hardness values within relatively close
range (14-18 GPa) were achieved by materials activated with

40% Al,O3 +60% Y,03, and also by materials activated with
Al O3 + Y703 + MgO oxides.

The Vickers hardness varies significantly for three groups
of materials sintered. It achieves the highest values, above
20GPa, in the group of sinters activated with oxides 60%

Counts

o

1000

800

600

400

AlllY

200

2 4 6 8 10
Energy (keV)

Fig. 8. The EDS line and point analyses of oxide phase precipitates.
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(b)

Fig. 9. Change in nature of fracture, from cross-granular (a) in monophase sinters, to intergranular (b) in oxide additive activated sinters.

Al,03 +40% Y203. In the group of materials doped with 40%
Al,O3+60% Y,0s3 oxides, high hardness values (~20 GPa)
were achieved by sinters containing 15% of additives, whereas
the hardness of sinters containing 20% of such oxide addi-
tives does not exceed 20 GPa. Within the group of mate-
rials activated using Al,O3+ Y703 +MgO oxides, materials
with oxide weight ratio Al;03:Y,03:MgO=12:61:27 have

b)

Fig. 10. Other features increasing fracture toughness: (a) extension and fragmentation of fracture path and (b) crack branching and networking.

lower hardness (16-20 GPa) than those with oxide weight ratio
Alp03:Y,03:MgO =42:44:14, which attained hardness values
from 22 to 26 GPa.

During hardness examination the relationship has been noted
between the values of hardness measured, degree of sintering and
the amount of oxide precipitates. The higher the sintering degree,
the higher both Vickers and Knoop hardness values. The larger
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Fig. 11. Simulation of state of stresses in the examined materials.

the amount of oxide phases precipitates, the lower he hardness
values.

The values of measured three-point bending strength of all
examined materials remain within the limits ranging from 300
to 500 MPa (Table 3). The highest values, close to 0.5 GPa, are
achieved by materials with significant mass contribution of oxide
activators. The lowest values (~0.3 GPa), are typical of mate-
rials with lowest density (5% of 60% Al,O3 +40% Y,03 and
10% of 12% Al,O3+61% Y203 +27% MgO), where the most
significant stress concentration occurs on defects (pores), as it
can be expected.

The fracture toughness, expressed as critical stress intensity
factor Ky is relatively high for SiC materials and it is of the
order of 5-6 MPam®?. It is about 20-30% higher than values
of fracture toughness measured on monophase SiC sinters with
densification activated by small additions of carbon and boron.
Increase of fracture toughness in the case of ceramic materi-
als is most often achieved by change in the mode of crack
propagation, when the effective fracture energy increase may
occur. In the case of described here materials the precipitates
of oxide phase appear within the SiC matrix. It may be eas-
ily observed that purposely initiated cracks propagate mostly
along intergranular and interphase boundaries (Fig. 9b), whereas
in monophase materials the cracks propagate in cross-granular
mode (Fig. 9a). The fracture path is therefore significantly
extended in polyphase sinters. The presence of precipitates of
oxide phases develops stress fields within the SiC matrix due
to important differences of the coefficients of thermal expan-
sion of SiC (@~ 4 x 107% 1/deg) and oxide phase precipitates
(a7 —9x 107° 1/deg). Stress fields simulations performed
for these materials using the Pro/Mechanica software (Fig. 11)
indicate the presence of both, compressive and tensile, stress
fields. Tensile stresses appear within the grains of the oxide
phases precipitates while compressive stresses prevail within the
SiC matrix (grains of SiC), and these are tangent to grain—matrix

interface. Such stresses may cause increase of fracture energy
due to hindering the crack propagation, which results in increase
of the resistance to brittle fracture of this material. Crack branch-
ing, fragmentation and networking (Fig. 10) were observed
within the examined SiC materials the sintering of which was
oxide activated. All above mentioned phenomena may lead to
increase of the effective fracture energy, which in turn brings
about the increase of the resistance to brittle fracture of the dis-
cussed materials.

5. Summary

e The studies and their results presented here confirm the pos-
sibility of obtaining dense SiC materials by means of pres-
sureless sintering, using oxide activators from the systems
Al03-Y,03 and Al,O3-Y203-MgO. In order to achieve
high degree of densification it is necessary to prepare highly
homogenous initial mixtures.

e Materials obtained through activated sintering are of
polyphase nature. The precipitates of crystalline phases, like
YAG, YAM, spinel and free Al, O3 have been identified within
the SiC matrix.

e Microscopic observations allow to present the hypothesis that
obtaining dense sinters is possible due to the presence of
phases activating mechanisms of mass transport, thus facili-
tating densification process during sintering.

e From all examined materials the best properties and the high-
est densities are obtained using the following activators:

o 10-15% Al;,03+Y,03 with weight ratio Al,03:Y,03=
60:40;

o 15-20% Al,O3+Y,03 with weight ratio Al,03:Y,03=
40:60;

o 10% AlL,O3+ Y703 +MgO with weight ratio Al,03:Y,03:
MgO=42:44:14.
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