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Nano- versus macro-hardness of liquid phase sintered SiC
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Abstract

Silicon carbide polycrystalline materials were prepared by liquid phase sintering. Different rare-earth oxides (Y2O3, Yb2O3, Sm2O3) and AlN
were used as sintering additives. The final microstructure consists of core–rim structure owing to the incorporation of AlN into the rim of SiC
grains by solid solution. Nano- versus macro-hardness of polycrystalline SiC materials were investigated in more details. The nano-hardness
of SiC grains was in the range of 32–34 GPa and it depends on the chemical compositions of grains. The harness followed the core–rim
chemistry of grains, showing lower values for the rim consisting of SiC–AlN solid solution. The comparison of nano- and macro-hardness
showed that nano-hardness is significantly higher, generally by 5–7 GPa. The macro-hardness of tested samples had a larger scatter due to the
influence of several factors: hardness of grains (nano-hardness), indentation size effect (ISE), microstructure, porosity, and grain boundary
phase. The influence of grain boundary phase on macro-hardness is also discussed.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon carbide-based polycrystalline ceramics have been
studied as potentially important structural material due to
their excellent resistance to oxidation and corrosion, high
temperature strength, thermal shock resistance, high wear
resistance, and good thermal conductivity.

Silicon carbide itself is a highly covalent bonded com-
pound. Therefore, it is difficult to densify the SiC-based ma-
terials without sintering additives. SiC can be sintered either
by solid state sintering or liquid phase sintering with the aid
of metal oxides, such as Al2O3 and Y2O3, which create liq-
uid phase at temperatures 1850–2000◦C.1–7 Several authors
studied the influence of different rare-earth oxides on liquid
phase sintering of SiC.8,9 It was shown that rare-earth ox-
ides might be as effective as Y2O3 in densification of SiC.
Although, the chemical and physical properties of rare-earth
oxides are similar, the difference in cationic field strength of
individual rare-earth might result in different grain boundary
phase properties and microstructure.10,11 The microstruc-
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tural development of liquid phase sintered SiC (LPS SiC)
is controlled by solution-reprecipitation mechanism. LPS
SiC exhibits microstructure consisting from SiC grains with
core–rim structure. Generally, the core has a different chem-
istry compared with the rim, and therefore also different
physical properties can be expected.12,13

In this work the nano-hardness of LPS SiC with core–rim
structure has been investigated, and the correlation between
nano and macro-hardness are discussed. The nano and
macro-hardness is also related to the different rare-earth
sintering additives. General affect of grain boundary phase
on macro-hardness is discussed in more details.

2. Experimental

�-SiC powder (HSC-059, Superior Graphite, USA) was
mixed with rare-earth oxides Y2O3 (H.C. Starck, Germany),
Yb2O3 (H.C. Starck, Germany), Sm2O3 (Russia), and AlN
(H.C. Starck, Germany). The chemical compositions of the
studied samples are listed inTable 1. The amount of the
sintering additives was 13 wt.% in total. The molar ratio of
particular oxides was kept constant for all compositions 1:1.
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Table 1
Chemical composition of samples (without impurities)

Sample Composition (wt.%)

SiC Seeds AlN Y2O3 Yb2O3 Sm2O3

SC�-Y 85 2 (�) 3 10 – –
SC�-YYb 85 2 (�) 3 4.60 5.40 –
SC�-YSm 85 2 (�) 3 3.93 – 6.07
SC�-YbSm 85 2 (�) 3 – 5.30 4.70
SC�-Y 85 2 (�) 3 10 – –
SC�-YYb 85 2 (�) 3 4.60 5.40 –
SC�-YSm 85 2 (�) 3 3.93 – 6.07
SC�-YbSm 85 2 (�) 3 – 5.30 4.70

Moreover, 2 wt.% of�-SiC (C-Axis Technology, Canada) or
�-SiC (Tokai Carbon, Japan) seeds were added to the start-
ing powder mixture. The powder mixtures were ball milled
in isopropanol with SiC balls for 24 h. The homogenized
suspension was dried, subsequently sieved through 75�m
sieve screen in order to avoid hard agglomerates. Axially
pressed samples, 12 mm in diameter and 10 mm high, were
embedded in BN and located into graphite die. Afterwards
the samples were hot pressed at 1850◦C for 1 h under me-
chanical pressure of 30 MPa in Ar+ N2 atmosphere. Hot
pressed samples were subsequently annealed for 10 h at
1850◦C in Ar + N2 atmosphere. The densities of samples
were measured by Archimedes method in mercury. The
theoretical densities were calculated according to the rule
of mixtures. The hot-pressed materials were cut, polished,
and plasma etched with CF4 + 10% O2 gas mixture for the
microstructure analysis. The microstructures were observed
by scanning electron microscopy (SEM). The chemical
composition of crystalline grains was examined by EDX.
Vickers macro-hardness was measured using LECO Hard-
ness Tester, Model LV-100AT by indentation method with
a load of 9.8 N. Nano-hardness of SiC grains was inves-
tigated by atomic force microscopy (AFM, HYSITRON
nano-hardness tester) using the Berkovich indenter. The
nano-hardness was obtained by depth-sensing method. The
preliminary nano-hardness measurements exhibited “inden-
tation size effect” for all compositions. Systematic study of

Fig. 1. Characteristic microstructure of hot pressed samples (1850◦C/1h): (a) SC�-YbSm and (b) SC�-YbSm.

the applied load versus nano-hardness showed an optimal
loading about 3.5 mN for the LPS SiC. At this load the
surface layer had no influence on measured hardness values
and crack formation was not observed. Each sample was
indented more than 70 times, while the imprints near the
microstructural defects (pores, removed grains, etc.) were
excluded from the evaluation.

3. Results and discussion

All samples were sintered to near theoretical densities.
The microstructure of hot-pressed samples consists of
equiaxed grains (Fig. 1). Generally, all hot pressed samples
doped with�-SiC seeds have bigger grains compared with
samples doped with�-SiC seeds. Grain growth was ob-
served after 10 h annealing for all compositions, however,
the growth rate was dependent on the chemical composition
of additives. More pronounced grain growth was observed
for the samples doped with�-SiC seeds compared to the
samples doped with�-SiC seeds in all studied cases. Char-
acteristic microstructures of samples annealed for 10 h are
shown inFig. 2.

The Vickers macro-hardness (9.81 N load) of samples is
shown inFig. 3. Samples doped with�-SiC seeds are harder
compared with�-SiC doped ones for identical chemical
composition of additives. The hardness of hot pressed sam-
ples (HP) increased after annealing (AN10) for all samples,
most probably due to evaporation of the oxide grain bound-
ary phases during annealing (grain boundary thinning).11,12

3.1. Nano-hardness

Characteristic AFM scan image of sample before and af-
ter indentation is shown inFig. 4. The dark triangles are the
indentation imprints. The nano-hardness of hot-pressed (HP)
and 10 h annealed samples (AN10) are plotted inFig. 5, ex-
cept sample SC�-YYb. Taking into account also the error
bars, it can be concluded that the nano-hardness is almost the
same for all compositions. A small deviation is visible only
for the hot-pressed sample SC�-Y. It should be pointed out
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Fig. 2. Characteristic microstructure of annealed samples (1850◦C/10 h): (a) SC�-YYb and (b) SC�-YYb.
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Fig. 3. Vickers macro-hardness of annealed SiC samples measured at
9.81 N load.

that the microstructure and grain boundary phase composi-
tion of tested samples are different. Surprisingly, these dif-
ferences have no significant influence on the nano-hardness
of LPS SiC.

Fig. 4. AFM image of SC�-YbSm sample annealed for 10 h: (a) before indentation and (b) after indentation.

The sintered SiC samples contained mainly 3C, 4H, and
6H polytypes. The hardness of single crystal SiC partly
depends on the polytype and crystal plane orientation, e.g.
the Knoop hardness measured at 100 g load can vary from
2525 kg/mm2 (3C, plane 100) up to 2954 kg/mm2 (6H, plane
0001).14 Such a wide variation of SiC hardness makes even
more difficult to evaluate the influence of individual rare-
earth oxides in the observed scatter of data,±2 GPa (Fig. 5).

The nano-hardness values shown inFig. 5 include infor-
mation about the hardness of cores, rims; and grain bound-
ary phases. Although we tried so separate the measured val-
ues, it was impossible to measure correctly the hardness
of grain boundaries by the nano-hardness testing method,
because the thickness of grain boundaries is only 1–3 nm,
while the edge of the triangular imprints is∼50 nm. In this
case the grain boundary hardness includes information about
the hardness of glassy thin film, interface and partially also
the hardness of SiC grains. Very few indentations have been
found directly in the triple pockets and due to the low statis-
tical value these were not evaluated separately. Some of the
grain boundary indentations are shown inFig. 6. The size of
grain boundary imprints is larger in comparison with grain
imprints, which indicates that the SiC grains are harder than
the grain boundaries,Hg > Hgb. This observation is plotted
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Fig. 5. Nano-hardness of liquid phase sintered SiC.

in Fig. 7. The general trendHg > Hgb can be taken only
into account, not the absolute values of grain boundary hard-
ness. A certain part of the “grain boundary imprint” is also
in the SiC grain, rising the value ofHgb. On the other hand,
the nanohardness values of SiC grains are influences by the
grain boundaries. It was shown that in the case of SiC the
diameter of the plastically deformed zone beneath the indent
is about five times the lateral width of the observed perma-
nent indent.15 In our case many of the nano-indents are lo-
cated close enough to the nearest boundary and incorporate
the interface effects. Due to these effects the real value of
Hg andHgb should be slightly higher resp. lower, compared
with the data shown inFig. 5.

As it was mentioned above, all samples had a core–rim
structure and an example is shown inFig. 8a. Different
properties can be expected owing to the different chem-
istry of the core and rim. The elemental composition of
the core–rim structure of all samples was investigated by

Fig. 6. AFM image of sample SC�-Y after 10 h annealing.
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Fig. 7. Nano-hardness of SiC grains and the grain boundaries (GB) after
10 h annealing.

EDX analysis. The core consists of Si and C (Fig. 8b),
while the rim contains also a small amount of aluminium.
There exist a solid solution between SiC and AlN, which
caused the incorporation of aluminium into the rim dur-
ing the dissolution-reprecipitation process. The formation of
SiC–AlN solid solution affects the properties of sintered SiC,
namely decreases the hardness. The lower micro-hardness
of SiC grains in the presence of Al is in agreement with the
results of Ruh and Zangvil.16 These authors described that
the micro-hardness values decreased linearly in the SiC–AlN
solid solution region with increasing AlN content. Similarly,
Sigl and Kleebe reported that in the case of liquid phase
sintered SiC using Y2O3 sintering additives Y was incorpo-
rated into the shell.13 This effect was not observed in the
present study.

Although only a few indents were possible to realize into
one grain at 3.5 mN load (Fig. 4), the obtained data give in-
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Fig. 8. (a) SEM micrograph of the core–rim structure and (b) EDS analysis of sample SC�-Y.

Fig. 9. Nano-indentation of sample SC�-YbSm (across the grain) annealed for 10 h.

formation about the hardness in different positions within
one grain. In all cases the central part of grain was harder
than the residual part of grain. It can be concluded that us-
ing RE2O3 + AlN additive system, the core of the grains
is harder compared to the rim (Fig. 9). On the other hand,
the amount of grain boundary phase decreased owing to
the formation of SiC–AlN solid solution, and its composi-
tion was shifted towards the pure Re2O3. The lower amount
of grain boundary phase and its modified chemical compo-
sition can improve the high temperature mechanical prop-
erties of the liquid phase sintered SiC, which are under
investigation.

The high nano-hardness (∼=33 GPa) obtained in present
study is related to the individual grains. These values
can be considered as the mean nano-hardness of SiC and
(SiC–AlN)ss single crystals, which the individual core–rim
structured grains consist of. Comparable high (25–31 GPa),
but macro-hardness values were obtained for the nano-sized
SiC sintered with B, B4C, and C additives.17 Although, due
to the absence of oxide additives in this case the interface
bonding has more covalent character and cannot be directly
compared with LPS SiC characterized in this work, this
microstructure manipulation seems to be a potential for the
further development of SiC ceramics materials. Similar re-

sult was already reported for the nano-sized polycrystalline
Al2O3, showing even higher macro-hardness than Al2O3
single crystals.18

4. Conclusions

Silicon carbide was densified by liquid phase sintering,
using rare-earth oxides (Y2O3, Yb2O3, Sm2O3) and AlN as
sintering additives. The microstructural analysis of annealed
samples at 1850◦C for 10 h showed that SiC grains growth
by solution-precipitation mechanism. The SiC grains ex-
hibit the core–rim structure. The core consists of Si and C,
however, the rim contains Si, C and contrary to the core
also small amount of aluminium. AlN was incorporated
into the rim by the formation of solid solution with SiC
and consequently decreased the hardness. Decrease of AlN
content in the transient liquid phase by forming SiC–AlN
solid solution changed the grain boundary chemistry and
decreased the amount of liquid phase. The nano-hardness
measurements showed that the values depend on the indent
position within the individual grain. The hardness of core is
significantly higher compared to the hardness of rim which
consist of SiC–AlN solid solution.
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Nano- versus macro-hardness measurements showed
that generally the nano-hardness is higher than the macro-
hardness. The reason for this behavior is the influence
of several factors like grain boundary phase composition,
triple pockets, porosity, grain size, indentation size effect,
etc., in polycrystalline materials. Consequently, all these
factors have effect on decreasing of the macro-hardness of
polycrystalline SiC-based ceramics containing micro-meter
sized grains.
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