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Abstract

Powder mixtures containing Al,O,, SiO, and carbon
black were calcined at 1625°C to form nanoscaled
SiC within Al,O; by means of the carbothermal
reduction of Si0,. The prepared powders contained
5 and 10 vol. % SiC. These powders were densified
by hot pressing, and composite ceramics with densi-
ties up to 99 % obtained. Microstructural analyses of
the hot-pressed composites showed a homogeneous
distribution of SiC particles with a particle size main-
ly under 100 nm. The fracture mede was intragranu-
lar. The fracture toughness determined by the ICL
method using the Niihara approach for Palmqvist
cracks was in the range of 5 MPa-m®5. The fracture
strength determined in a four-point bending test was
around 540 MPa for the hot-pressed samples and
around 630 MPa for the hot-pressed and post-
annealed samples.

1 Introduction

Since the early 1990s ceramic-ceramic nanocompos-
ites have attracted considerable interest because of
their mechanical behaviour at high temperatures, e.g.
for use as cutting tools. Niiliara [1] reported a strength
enhancement from 320 MPa to 1050 MPa for alumi-
na reinforced with 5 vol, % silicon carbide and an
increase in fracture toughness from 3,2 MPa-m®3 to
4,7 MPa_m®5. A lot of work has been done on this sys-
tem [2-5], but Niihara's values have remained elusive,
although an increase in fracture strength is undisput-
ed as, for example, the results of Sternitzke et al. [4]
(539...738 MPa, determined in four-point bending
tests) and Gao et al. [5] (spark plasma sintering; about
1000 MPa in three-point bending tests) demonstrate.
Working on the widely spread assumption that the
distribution of the second-phase particles plays an
important role in strength enhancement, many
researchers have focused on the in situ formation of
either the matrix phase or the reinforcement second
phase by sol-gel-methods [6-8], precipitation reac-
tions [7] or the pyrolysis of Si-containing organic pre-
cursors [9].
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The mechanism(s) behind this strength enhancement
remain the subject of discussion. There are three phe-
nomena that can be made responsible for the strength
increase [10}:

e the reduction of the critical flaw size by refinement
of the matrix grains [2], by a dislocation network [1]
or by a reduction of processing flaws (4]

» the increase in fracture toughness ("K-mechanisms")
(10]

» mechanisms based on the strengthening of grain
boundaries [2,11].

Strengthening of grain boundaries as a result of inter-
nal stresses is widely accepted because in the case of
the composites, there is a change in fracture mode
from intergranular for alumina to intragranular for
the composites.
Another influence to be taken into account is the
method of preparing the samples for testing their frac-
ture strength. Poorternan et al. [3] reported on samples
with 5 vol. % SiC, where the samples had been pre-
pared by two differerit methods: one method involved
polishing the tensile side and bevelling the edges, the
other included an additional polishing of the lateral
sides of the bars. The latter route led to strength val-
ues of 800 MPa in three-point bending tests (samples
prepared by the first route reached about 600 MPa).

The aim of this work was to develop a new processing

route in order to realize a homogenous distribution of

reinforcing SiC particles. The fine-grained silicon car-
bide powder within the alumina matrix will be
formed by the carbothermal reduction of nanoscaled
silica by carbon black, both added to the alumina. The
reaction of silicon dioxide and carbon black after

Equation (1) is commonly known to form silicon car-

bide, but has never been used to produce alumina/sil-

icon carbide nanocomposites.

$i0,+ 3C -> $iC + 2CO (1)

Thermodynamically the reaction starts at tempera-
tures above 1530°C. Accompanied by various reaction
stages, the overall reaction stops when either the car-
bon or silicon dioxide is completely consumed [12].
The preparation of homogeneous slurries requires the
optimization of dispersion and homogenization of
the starting powders in aqueous slurries, which is
achieved by adjustment of the pH value depending on
the different zeta potentials of the nanoscaled precur-
sor powders (Fig. 1). The homogenization of
nanoscaled components in aqueous slurries can be
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Fig. 1

pH-value vs. zeta-
potential for the
powders APA 0,5/
OX 50/FW 200 (left)
and for APA 0,5/R
972{FW 200 (right)

Tab. 1

SiC content and
specific surface
areas (ssa) of the
calcined powders
before and after
milling for 30 min
in 2-Propanol, dgg is
given for the milled
powder only

(* : prepared with
OX 50, other com-
posite powders with
R972)

a 80 " ;
| Al ! —m—Fw 200
— i e -8—0X 50
E w0 Al | —A—APA Q.5
S ;k - " R
T 20- i g |
= |
c [ :
o 4
- [ 2 ¥
8_ ['o ¥ ol
h X
G 0L o, J
g ][ v a 1 B
: i
-mF o g _'__A_'.r :‘._ '.._... . 4
| N ]
-60 ] | 1
3 4 5 6 T B 9 10 11
pH-value

b
60 T T T
N i —=— Printex 90
i A= : -8—R 872
= aptee—a e A ~x -A-APA 0,5
T | e
Q 0 A'\
-— T [ 4
2 T | A |
8 20: T T A 4
] R W ol I
N I A "
40| LERE Fssiin
-
.60 ' 1 ' i I 1
3 4 5 6 T 8 9 10 Lkl
pH-value

carried out by two different methods, one is a "coat-
ing route" when using components with opposite sur-
face charge, the second is a polydispersed slurry when
the components have equal surface charge.

2 Experimental Procedure

The starting powders were a-Al,O, as the matrix phase
{Ceralox APA 0,5 MgO, average particle size 400 nm,
specific surface area 7 m?/g, Condea) for both homog-
enization methods, $i0, (Aerosil R972, specific surface
area 110 m?/g, Degussa) and carbon black (FW 200,
specific surface area 280 m?/g, Degussa) and alterna-
tively 510, (OX 50, specific surface area 50 m?/g,
Degussa) with carbon black (Printex 90, specific sus-
face area 460 m2?/g, Degussa). The silica powders and
carbon black were used for the formation of silicon
carbide in accordance with Equation (1). The compo-
sition of the powder mixtures was chosen so that
5 and 10 vol. % SiC were formed.

To achieve homogenous alumina/silicon-carbide
composite precursor powders, it was necessary to
obtain well-dispersed slurries containing alumina,
carbon black and silicon dioxide. They were prepared
by setting the pH value to 10,5 using NH,OH to geta
completely polydispersed slip according to the zeta
potentials shown in Fig. 1a, and by using HNO, for pH
adjustment (pH =~ 5) and an ethoxylated tallowalkyl
amine to get the hydrophobic 5i0, powder dispersed
in water (Fig. 1b). The slurries were homogenized by
ultrasonic stirring for 30 min followed by 60 min of
agitation ball milling using alumina milling balls.
The slurries were freeze-dried and the powders cal-
cined at 1625°C in a graphite die'under flowing argon.
Phase analysis of the calcined powders was carried out
by XRD using a Bragg-Brentano geometry in a range
of 28 from 20° to 80° with an angle speed of 0,5 °/min
and the amount of SiC was determined by means of
atom emission spectroscopy. The calcined powders
were sieved and then attrition-milled in 2-propanol
for 30 min with silicon carbide milling balls (1...2 mm
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in size) at a speed of 1200 min-! in order to break up
aggregates formed during reaction calcination. The
specific surface area of the resulting powder was meas-
ured by the BET method and particle size distribution
was measured by static laser light scattering.

The powder samples were uniaxially hot pressed in
flowing nitrogen at temperatures of 1700°C for sam-
ples with 5 vaol. % SiC and 1750°C for samples with
10 vol. % SiC under 35 MPa for one hour. Disk-shaped
samples with a diameter of 60 mm were ground to
3,1 mm thickness and then cut into bars with a cross
section of 3-4 mm?2. The bars were prepared in three
different states (State I: polishing of test bars to 3 pm
finish and bevelling of the edges; State II: annealing
(2 h/1300°C/Ar) of the test bars prepared to State [;
State I1I: additional polishing of the lateral sides of the
test bars prepared to State I). Testing was carried out in
a four-point bending test with an inner span of
10 mm, an outer span of 20 mm at a crosshead speed
of 0,1 mm/min. Six to ten beams of each sample were
tested. e ' ’ T
Fracture toughness was determined on ground and
polished samples using the ICL method (Indentation-
Crack-Length) using a Vickers indenter at an applied
load of 98,1 N.

The fracture surface and the microstructure of sin-
tered, polished and hot-etched samples as well as the
morphology of the calcined powders were investigat-
ed by means of REM/SEM (6400 F, Jeol), whereas TEM
(CM-200FEG, Phillipsy was used to locate the second
phase particles within the matrix grains. Therefore the
samples were ground, dimpled and thinned by ion
beam etching.

3 Results and Discussion
3.7 Powder Characterization

The analysis of XRD diffractograms of calcined pow-
ders showed that SiC occurs mainly in the cubic beta
modification with a unit cell length of 4,349.10-10m.
A minor amount of less than 10 % of a hexagonal
alpha modification was found. The total amount of
SiC formed during the calcination process is given in
Tab. 1, together with the specific surface areas (ssa) of
the composite powders as well as the average particle
size distribution by volume of the milled powder.

Excess carbon, which occurs due to the fact that
gaseous Si0 is removed in flowing argon, was burned
out at 600 °C for 15 min. In the literature only longer
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times [13] or even higher temperatures [14] could be
found for the elimination of excess carbon in the pro-
duction of SiC powders by carbothermal reduction.
After reaction calcination, the specific surface area was
around 1 m?/g for powders with 5 vol. % SiC, indicat-
ing strong aggregation and/or grain growth compared
to the as-received matrix powder (ssa of alumina pow-
der 7 m?/g). After attritor milling for 30 min in
2-propanol with silicon carbide milling balls, the ssa
increased up to 3,5 m?/g (Tab. 1) and 5,2 m2/g for the
powder with 10 vol. % SiC respectively. The effect of
milling can also be shown by examining the particle
size distribution of the milled powders in comparison
to the as-calcined powders (Fig. 2), which shows that
a real comminution could be achieved. But it is also
obvious that there are some aggregates left which
could not be eliminated by the milling process and
require a pressure-assisted densification process.

The system containing FW 200 and OX 50 shows in
both cases (before and after milling) a monomodal
distribution, whereas the system with Printex 90 and
R 972 shows a bimodal distribution before milling. For
densification, only milled composite powders with a
monomodal particle size distribution were used,
which turned out to be suitable for producing com-
posites.

Fig. 3 shows an SEM image of a composite powder
containing 5 vol. % SiC. Beside spherical particles,
needle-like structures are present. EDX analysis of sin-
gle needles showed mainly silicon and carbon beside
minor amounts of other elements such as Al and O
(from the matrix) and Au (from the preparation of the

SEM samples). Small silicon carbide particles were also
clearly detectable on alumina grains.

These needle-like crystals are also present in calcined
powder mixtures containing only silicon dioxide and
carbon black in a molar ratio of 1:3.

The formation of SiC whiskers by using similar start-
ing compositions and process parameters is also
described in the literature [15]. According to this
work, the morphology of SiC whiskers is controlled by
the partial pressures of $i0(g) and CO(g), which occur
in the different reaction stages, that are summarized
by Eq. (1). In addition, the presence of carbonaceous
solid is essential for the formation of needle-like
whiskers [15]. Considering the fact, that a graphite die
was used for reaction calcinations and taking into
account the experimental results presented, it can be
concluded that the needle-like crystals are SiC
whiskers. Due to the fact that they are randomly dis-
persed in the calcined powder, the needles are broken
by milling and most SiC is existent in spherical shape,
the whiskers will have no essential influence on frac-
ture toughness.

3.2 Densification, Microstructure and
Mechanical Properties

As described in the experimental part, the composite
powders were densified by hot pressing with an uni-
axial pressure of 35 MPa. Composite samples with
5 vol. % SiC could be densified at 1700°C for 1 h to
relative densities higher than 98 %. But for samples
with increased amount of SiC (10 vol. %), an increase
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Fig. 2
Particle size distribu-
tion of the compos-
ite powders with

5 vol. % SiC cal-
cined at 1625°C for
the as-calcined and
the milled state

Fig. 3 (left)

SEM image of a
compasite pawder
containing 5 vol. %
SiC after calcination
at 1625°C

Fig. 4 (right)
Thermally etched
cross-section of a
compaosite sample
with 5 vol. % SiC
(formed with OX 50)
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Fig. 5

Fracture surface of a
composite sample
with 5 vol. % SiC.
Arrows indicate
some detected SiC
particles.

Fig. 6

Crack paths in
samples containing
5 val. % SiC; pre-
pared with OX 50
(hydrophilic) as the
Si0, source

Fig. 7

TEM image of a
composite sample
containing 5 vol, %
silicon carbide
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of temperature from 1700°C to 1750°C was necessary
to obtain samples with similar density.

The microstructure of the composites was investigat-
ed by common SEM and TEM techniques. The grain
size of composite samples was around 1,1 um for both
composites with 5 vol. % SiC, 1,04 um (10 vol. % SiC;
prepared with hydrophobic §i0,) and 0,68 pum
(10 vol. % SiC, prepared with hydrophilic Si0,),
respectively. Fig. 4 shows the thermally etched cross-
section of a sample with 5 vol. % SiC. The overview of
the microstructure shows a homogeneous size distrib-
ution of the matrix grains, but also some defects in the
um-range. The formation of these defects can be
attributed to aggregates (average particle size 1,5 pm
to 2 um, in contrast to 1 pm average matrix grain size
for the hot-pressed compositesy which could not be
eliminated during milling or hot pressing. At a high-
er magnification, well-dispersed SiC particles at grain
boundaries as well as within the alumina grains can
be detected.

All composites show an intragranular fracture mode
in contrast to single-phase alumina where the fracture
mode is predominantly intergranular. Fig. 5 shows an
SEM image of the fracture surface of a composite sam-
ple with 5 vol. % SiC. The facetted structure of the
fracture surface clearly indicates a fracture along pre-
ferred crystallographic directions within alumina
crystals. Small SiC particles (< 100 nm) can be detect-
ed on the fractured surface. The crack path of the com-
posite samples is illustrated in Fig. 6. Crack deflection,
which is caused by grain boundaries or second-phase

inclusions [16], can be observed on grain boundaries
as well as within the matrix grains.

Fig. 7 shows a TEM image of a composite sample con-
taining 5 % SiC. Obviously, the silicon carbide parti-
cles are located both within the matrix grains and at
grain boundaries. The intragranular particles are
found to be dominant and their particle size is < 100
nm. Larger SiC particles (> 100 nin) are located at the
grain boundaries or at triple points. The grain bound-
aries as well as triple points are free of glass phase.
The determination of fracture toughness, K., with the
ICL method, requires knowledge of crack geometry.
Depending on the crack system (median/radial cracks
or Palmqvist cracks) two different approaches were
applied, which lead to different values for K. Anja et
al. demonstrated that, in alumina/silicon carbide-
nanocomposites, Palmqvist cracks are present {17].
Indentations were applied with a Vickers diamond
under a load of 98 N both on the polished cross-sec-
tion of monolithic alumina and alumina/silicon car-
bide composites. The indented samples were polished
again and examined under a light microscope. Fig. 8
shows optical photographs of the polished indents.
In monolithic alumina a continuous crack system is
present indicating a median/radial crack system (Tig.
8a). In a composite sample with 5§ vol. % SiC, a
Palmevist crack system can be observed, where cracks
are no longer connected with the cores of the inden-
tation (Fig. 8b). In order to enable a comparison with
other values given in literature, toughness was calcu-
lated for both crack systems based on Equations 2 and
3. Ten indentations were made for each sample and
crack length was measured immediately after inden-
tation.

median/radial cracks; after Anstis [18]

Kic = 0,032-H-a%-(E/H)%*{(c/a15) (2)
Palmqvist cracks; after Niihara [19] .
Ko =0,018-H-a%5.(E/H)%.((c/a) - 1)05  (3)

E: Young's modulus [GPa]
H: Vickers hardness [GPa]
a: half of the indentation diagonal length [pm]
L: crack length [um] and
c=1+a [pm].
The values of K- are given in Tab. 2. Compared to
monolithic alumina (2,53 MPa-m®3) a slight increase




of K, values for the composite samples (2,63 MPa-m05
for composites prepared with R972 as $iQ, source and
2,81 MPa-m%5 for samples prepared with OX 50) can
be obtained using Anstis’ approach for the calcula-
tion. The compaosites with 10 vol. % SiC show a simi-
lar toughness of 2,62 MPa-m®5 and a significant
increase in hardness (22 GPa compared to 20,4 GPa
for alumina). Using Niihara's correlation (Eq. 3), frac-
ture toughness values 3 MPa-m®5 are achieved for all
composite samples. Fracture toughness is not affected
by an annealing process, so that toughening effects
which are triggered by residual stresses induced dur-
ing machining of the samples, can be excluded.
Fracture strength was measured in four-point bending
tests. The values are given in Tab. 2. Looking at the
values for composites with 5 vol. % SiC, a significant
influence of the §iO, source on the fracture strength
can be observed, if samples are prepared according to
State 1. Composites prepared with OX 50 as the SiO,
source demonstrate a 13-% higher fracture strength
(540 MPa) than samples prepared with R972 as the
Si0, source (474 MPa). Samples with 10 vol. % SiC
show significantly lower fracture strength (430 MPa,
prep. with R 972; 335 MPa, prep. with OX 50). By pol-
ishing the lateral sides of the test bars (Preparation
State III), a further strength increase could be achieved
with 740 MPa for a composite with 10 vol. % SiC and
a matrix grain size of 0,68 pm. In Preparation State I,
this composite only reached a strength of 335 MPa. .
The samples with 5 vol. % SiC reached values of 701
MPa (prep. with R 972) and 635 MPa (prep. with OX
50), when prepared to State III.

The fracture strength also increases significantly by
annealing the prepared test bars at 1300°C for 2 h in
a flowing argon atmosphere (prep. state IT). According
to the literature [20], this post-annealing treatment
leads to a decrease of internal stresses and an increase
in strength, After annealing, there was no significant
difference concerning the fracture strength of samples
with different SiO, sources and samples with different
SiC contents.

With regard to a relationship between the SiC content
and strength, one has to be aware of the fact that only
samples with a similar state of preparation can be
compared. In State I, samples with 5 vol. % SiC have
a higher strength than those with 10 vol. % SiC,
which might confirm the theory of a maximum
strength at 5 vol. % SiC. In State II no dependence on
the SiC content is evident. With regard to the samples
prepared with R 972, they exhibit similar strength val-
ues (625 MPa, 5 vol. % SiC and 640 MPa, 10 vol. %
SiC), but also similar grain sizes. In State III, it is obvi-
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Tab. 2 Mechanical properties of composites and a reference sample of pure alumina

(* prepared with OX50, other composite powders with R972); bold value in column 4:
additional polishing of lateral sides befere annealing. Weibull medulus is given in brack-
ets (six to ten beams were tested for each sample).

ous that the sample with 10 vol. % SiC (prep. with
OX 50) has a higher strength than the sample with
S vol. % SiC that was also prepared with OX 50. Three
relationships between the SiC content and strength
are discussed in the literature, a maximum strength at
5 vol. % SiC [1], a continuous climb to a plateau val-
ue for strength [21] and the independence of strength
of the SiC content [22]. All these researchers used test
bars with polished lateral sides, which corresponds
to the preparation State III. The strength of the
composites prepared with hydrophilic Si0Q, seem to
indicate the theory given in [21], but more work has
to be done to obtain a clear conclusion,

4 Summary

Carbothermal reduction of silicon dioxide has been
applied to produce AL,0,/SiC composites with
homogenously distributed nanoscaled SiC. Powder
mixtures of Al,O,, Si0, and carbon black were cal-
cined at 1625°C and alumina/silicon carbide com-
posite powders with SiC particles of an average parti-
cle size of 100 nm were achieved. The amount of 5i0,
and carbon black was selected to obtain composite
powders with 5 and 10 vol. % SiC. The SiC particles
formed by carbothermal reduction of silicon dicxide
consisted of 90 % B-SiC and 10 % «-SiC. Beside spher-
ical SiC particles, a small amount of SiC-whiskers was
formed. Due to the high calcination temperature,
strong aggregation of the powder was observed,
which could be reduced by milling the calcined pow-
der with SiC milling balls.

Composite powders were densified by hot pressing.
Composites with a uniform distribution of SiC parti-
cles both within the alumina grains and also on the

Fig. 8

Vickers indentations
in single phase alu-
mina (8a) and in a
compaosite with

5 vol. 9% SiC (8b)
after polishing
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grain boundaries were obtained as determined by SEM
and TEM investigations. The average grain size of alu-
mina was not affected significantly by 5 vol. % SiC,
being 1,1 pm for both composites. Samples contain-
ing 10 vol. % SiC have different grain sizes (1,04 um
with R972 as the 5i0, source and 0,68 pm with OX 50
as the 810, source). The hot-pressed materials exhibit-
ed increased fracture strength and fracture toughness
in comparison to pure alumina. The average fracture
strength increased significantly up to 640 MPa fol-
lowing post-annealing treatment. A maximum
strength of 850 MPa, which is an increase of 228 % on
that of monolithic alumina, could be achieved by pol-
ishing the lateral sides and annealing of the test bars
of a sample with 10 vol. % SiC.
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