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Al,O3-5 wt % Al composites by ICP sintering
of synthesized precursor
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Microstructure developments during the milling of Al,O;-5wt % Al composite powder in an
attritor and subsequent sintering of the precursor by inductively coupled argon plasma are
presented. After 4 h of milling the precursor contained tubular ceramic—metal and uniform
ceramic regions. With an increase in the milling period the ceramic—metal regions broke into
smaller and almost globular regions, and the smaller regions became dispersed in the ceramic
regions. After 8 h of milling the composite powder had a stable microstructure and contained

0.25-0.35 um clusters. The sintered composite was > 99.7% dense and its microstructure
cansisted of ceramic—metal regions which were dispersed in the matrix of a ceramic region.
The sizes of ceramic grains in ceramic—metal regions and the ceramic regions were 0.3-2.2
and 0.8-1.8 um, respectively. Many ceramic grains in ceramic—metal regions were separated
by 30-100 nm wide metal layers. The microstructure of the ceramic—metal region showed
many features of interpenetrating phase composites. The Knoop and Vickers microhardnesses
of the composites at 5—10 N loads were 410-450. Under 10 N loads in Knoop and Vickers’
microhardness tests the crack length was 11 + 3 and 3 + 0.5 um, respectively. The crack
propogation mechanisms in the indented areas are discussed.

1. Introduction

In ceramic composites reinforcement of ceramic
phases by metal or ceramic phases has been success-
fully used to increase their fracture toughness and
impart R-curve behaviour [1-7]. In addition to re-
inforcement, interfaces play a dominant role in
determining the mechanical properties of ceramic
composites [6, 8-10]. Many processing approaches
were deliberately designed to fabricate materials with
customized interfaces [10—14].

Enhanced ductilities [15, 16] in nanocrystalline ma-
terials suggested that composites with nano-scale
layers of constituent phases would exhibit resistance
to plastic deformation well beyond the levels of mono-
lithic homogeneous materials [15,17]. Nano-scale
layering of the constituent phases [18,19] may ac-
count for the high ductility and strength in many
naturally occurring biological composites. By layering
of constituent phases the toughness and strength of
many synthetic composites, e.g. B,C-Al [13], Co-W
[10,11], Cu-Al [14], etc., were improved.

It appears that ceramic materials with optimally
designed microstructures will have increased tough-
ness values. The desired microstructures of such high
performance materials will at least partly, if not com-
pletely, resemble those of interpenetrating phase com-
posites (IPC). In IPCs each phase is continuous and
interpenetrates throughout the microstructure [20].
The desired thickness of constituent phases in such
high performance materials is less than 100 nm.

The TPC materials are new and the methods of
producing such products are far from established [20].
The processing approaches that show varied poten-
tials are based on: (1) spinodal decomposition; (2) use
of materials with continuously interconnected poros-
ity; (3) infiltration of a liquid phase into pre-existing
open end preforms [20,21]; (4) reduction of appropri-
ate polycrystalline oxides from the metallic phases at
grain boundaries [22]; (5) directed metal oxidation
and related processes [23], etc.

During the fabrication of alumina based composites
by using a recent two-stage processing approach [24],
the precursor powder and sintered composite contain-
ed features typical of IPC materials. The first stage of
the approach was an improved powder processing
method in which a mixture of brittle (alumina) and
ductile (aluminium) phases was milled in an attritior to
synthesize a submicrometre precursor. In the second
stage the precursor was cold-pressed without binder
and the formed body was subsequently sintered by
inductively coupled radio frequency plasma (ICP).

An earlier study demonstrated the feasibility of the
approach for Al,O;—5wt% Al composites. In the
present approach the microstructure evolution of the
composite powder in the milling stage are analysed.
The characterization studies of the powders and the
sintered compacts by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM)
are included. During the micro-indentation test
of the composites the interaction of crack with the
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microstructure are discussed. For the present experi-
mental  conditions the microstructure proper-
ties—interfacial characteristics—processing relation-
ships are established.

2. Experimental procedure

Fig. 1 shows schematically the experimental route and
the corresponding characterization studies. High pur-
ity (99.9% or better) a-alumina (1.5 um) and alumi-
nium powders (Johnson Mathey) were premixed in a
roller—mixer for about 2 h. The premixed powder was
milled in an attritor (Model 01-HD) union process.
The milling media consisted of 5 mm diameter yttria-
stabilized zirconia balls; a stainless steel tank and
agitator were used. The ball:powder weight ratio was
10:1. During milling, the inside and outside of the
milling tank were cooled by flowing argon gas and
cold water, respectively. By cooling, the temperature
rise of the powder during milling was limited to less
than approximately 25 °C.

The powder was formed into 6.4 mm diameter cyl-
inders by 280 MPa uniaxial pressure. No binder was
added to the powder prior to forming. The formed
sample was sintered by an ICP. The description of the
ICP reactor is reported elsewhere [24].

The milled powder was characterized by SEM. The
cluster sizes were estimated from the measurements of
20-30 clusters which were selected from ten or more
SEM micrographs. The densities of the sintered sam-

ples were measured using Archimedes’ principle. The
sintered samples were characterized by optical micro-
scopy, SEM and TEM. The Vickers and Knoop’s micro-
hardness numbers (Hy, and Hy, respectively) were
measured by Vickers’ hardness tester, LECO, M400.
Prior to microhardness tests, the samples were poli-
shed using 0.25 pm diamond grit. After the micro-
indentation tests, the indented areas were examined by
optical microscopy and SEM.

3. Results and discussion

In a series of milling experiments a mixture of
Al,05-5wt % Al was milled for 2,4, 8, 16 or 24 h. The
milling conditions of the sclected experiments are
included in Fig. 1 and Table L

3.1. Milled powder
The SEM micrographs of the powder showed that the
powders consisted of clusters. Fig. 2 shows the typical
nature of the clusters in a powder which was milled for
8 h. After 4 h of milling the range of cluster sizes was
quite large: 0.25— > 1 pm. After 8 and 16 h of milling
the cluster sizes were almost the same, 0.25~0.35 pm.
The XRD patterns of the powdered sample (not
shown here) showed that, even after 16 h of milling,
the chemical composition of the precursor did not
change, but the XRD peaks of Al,O4 and Al phases
broadened considerably. The broadening of peaks was
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Figure 1 A schematic description of the processing conditions and characterization studies.
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TABLE I The density and grain sizes of the ICP sintered Al,0,—5wt % composites

Sample no. Milling time (h) Sintered sample

Density* Ceramic (Al,O,) grain sizes (um)

gem ™3 Theoretical (%) Ceramic region Ceramic—metal

region
Average Range

CMCl1 4 3N 974 14 0.8-19 -
CMC2 8 3.80 99.7 1.2 0.8-1.5 0.3-22
CMC3 16 3.81 100.0 1.2 0.8-14 0.3-2.0

2 Theoretical density was 3.81 gcm ™~ 3, which was calculated by using the rule of the mixtures and the composition of the starting materials.
The average density values of five measurements are included. In CMC2 and CMC3 the density values ranged from 3.78 to 3.84 and 3.76 to
3.84 gcm ™3, respectively,

Figure 2 SEM micrographs of the precursor in CMC2. The precursor was milled for 8 h. The markers are in micrometres. The clusters of

particles are visible.

due to residual strains in the lattice caused by milling
and the submicrometre sizes of the particles. From the
broadened peaks the calculated sizes of the alumina
particles were 30-100 nm ( & 30%) [25].

3.2. Microstructures of ICP sintered
composites

Optical micrographs of the sintered samples (CMC1,

CMC2 and CMC3) are shown in Fig. 3a—c. In CMCI1,

CMC2 and CMC3, the precursor was milled for 4, §

and 16 h, respectively, and the sintering conditions

were identical (see Fig. 1 and Table I).

The microstructures showed two broad regions,
dark and bright areas. The detailed microstructures of
these regions revealed (discussed later) that the dark
and bright regions corresponded to the ceramic ma-
trix (which contained a uniform dispersion of ceramic
grains) and a ceramic—metal region (which comprised
of ceramic grains and a small amount of metal
phase), respectively. With increased milling times,
the general characteristics of dark areas (matrix) did
not change but those of bright areas changed con-
siderably.

In Fig. 3a, where the precursor was milled for 4 h,
the following three geometric configurations of bright
areas are visible: (1) 20-50 um long, 3-10 um wide
(possibly tubular) areas; (2) 3-10 um long, 3-5pum
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wide (possibly tubular) areas; and (3) 2-3 um wide,
relatively globular areas. The relative dispersion of the
areas with a geometric configuration [(3)] in the ma-
trix was much more uniform than those with config-
urations (1) or (2).

In Fig. 3b, where the precursor was milled for 8 h,
the bright areas with long tubular configuration [(1)
and (2) in Fig. 3a] were absent and the maximum
widths of globular bright areas [(3)] in Fig. 3a had
shrunk to about 1 um. Also, the globular bright areas
were more evenly dispersed than in Fig 3a in the
matrix.

In CMC3 (Fig. 3c), in which the precursor was
milled for 16h, the globular bright areas became
slightly smaller and more evenly dispersed in the

" matrix than those in CMC2.

For the present experimental conditions, 8 h of
milling was adequate to obtain a fairly uniform disper-
sion of ceramic—metal regions in the matrix of uniform
ceramic regions.

3.3. Ceramic—metal and uniform ceramic
regions of the composite

The salient features of ceramic—metal and ceramic

regions are highlighted in the SEM micrographs of

CMC2 samples (Fig. 4a—c). A typical SEM micro-

graph (Fig. 4a) of the composite at low magnification



Figure 3 Optical micrographs of ICP sintered samples. Prior to
sintering, the precursor was milled for 4 h (a), 8 h (b) and 16 h (c).
The sintering conditions were same in all cases. The figures show the
approximate shapes of ceramic—metal (bright) and uniform ceramic
(dark/background) regions,

{ < 5000) showed that the ceramic—metal regions had
globular shapes and were well dispersed in the ceramic
matrix. In Fig. 4a the sample was roughly polished to
preserve the ceramic—metal regions. In Fig. 4b and ¢
the samples were fine polished with diamond paste.
Fig. 4b and c highlight the microstructures of the
uniform regions and the ceramic-metal regions, re-
spectively. In ceramic—metal areas well-sintered cer-
amic grains were almost “glued” by small amounts of

metal phases. In uniform regions the well-sintered
ceramic grains were touching each other. No metal
phase was detected in the uniform regions.

Fig. 5a and b show the TEM micrographs of uni-
form and ceramic-metal regions respectively in
CMC2. TEM micrographs showed that the ceramic
grains in ceramic—metal as well as uniform ceramic
regions were well sintered. Furthermore, many cer-
amic grains in ceramic—metal regions were separated
by thin metal layers.

The ceramic-metal regions of Al,O;-5wt % com-
posites in Figs 4 and 5 exhibited the following charac-
teristics of IPC microstructures: in IPC materials each

Figure 4 SEM micrographs of the composite CMC2 in which the
precursor was milled for & h. (a) The ceramic-metal regions appear
as rounded areas, the background is the ceramic region. (b) and (c)
highlight the ceramic-metal and uniform ceramic regions, respect-
ively.
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100 nm

Figure 5 TEM micrographs of CMC2 composites from (a)
ceramic-metal and (b) ceramic regions. In both regions the ceramic
grains were well sintered. The bright area in (a) indicates the metal
phase.

phase was continuous and interpenetrated throughout
the microstructures. In the present case the
ceramic—metal regions were not continuous through-
out the matrix, but were uniformly dispersed in the
ceramic matrix. In limited areas of ceramic—metal
regions a continuous network of metal phase formed
around ceramic grains. The microstructures in Figs
3-5 had the following architecture: micrometre-sized
regions with limited IPC type microstructures uni-
formly dispersed in a matrix of a well-sintered ceramic
phase.

One unusual feature of the ceramic—metal interfaces
in Fig. 5b is that the metal layers between ceramic
grains were relatively uniform and continuous. The
alumina phase was not wetted by the liguid aluminium
phase. Hence, the geometric configurations were not
expected in the equilibrium condition. Such interfacial
characteristics are essential to form IPC microstruc-
tures. Thus, the present method would have inherent
advantages in fabricating ceramic IPC materials.

3.4 Milling time—microstructure relationships
of the precursor

Corresponding to ceramic—metal and uniform cer-

amic regions in the sintered products, there were

comparable ceramic-metal and uniform ceramic re-
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gions in the powdered precursor. It was reasonable to
assume that same sintering conditions during ICP
sintering of CMC1, CMC2 and CMC3 would cause
similar changes in the geometric configurations of
ceramic—metal and ceramic regions of the powder.

From the microstructure milling time relationships
of ceramic-metal and uniform ceramic regions of
CMC1-CMC3 the following relationship between the
microstructural architecture of the precursor and
milling time is estimated. During early stages of
milling (< 4 h in the present case) there were two
distinct regions in the precursor: (1) ceramic-metal
regions where ceramic particles were “glued” together
with the metal phases and (2) clusters of ceramic
particles. The optical micrograph of CMC1 (Fig. 3a)
showed the approximate geometry and the relative
dispersion of these two regions. As the milling time
increased the geometric configuration of the
ceramic—metal regions changed from tubular to more
rounded and smaller shapes. Also, the number of
ceramic—metal regions per unit volume increased. It
appeared that as the milling continued to increase
then the tubular regions in the early stages broke into
smaller regions and the smaller ceramic—metal regions
became progressively dispersed in the matrix of uni-
form ceramic regions. The sizes of the ceramic—metal
regions in the powder were unknown.

3.5. Density and grain size of the sintered
compact

The density of the sintered compacts are listed in
Table 1. The theoretical density of the sintered com-
pact was 3.81 gem ™2 — calculated using the rule of
mixtures and density values of pure alumina and
aluminium phases of 3.89 and 2.70 gem ™3, respectively
[26]. Tt was further assumed that the amount of metal
phase in the composite was the same as in the starting
materials of the milling stage. The latter assumption
may be in error because the metal content may have
increased due to reducing conditions in ICP sintering
[27], decreased due to volatilization during the ICP
sintering stage or changed due to unknown reasons.
However, since the metal content of the starting ma-
terials was only 5wt %, the absolute value of the error
would be insignificant.

Table 1 indicates that CMC2 and CMC3 were
sintered to about 99.7 and 100% of their theoretical
densities, respectively. Even at a magnification of
100 000, SEM micrographs of the composites did not
show any void or porosity.

The grain size was calculated by statistical methods.
In each of ten or more different regions the sizes of
20--30 grains were measured from SEM micrographs.
The grain sizes of the alumina grains in the uniform
and ceramic—metal regions are included in Table I. In
the few TEM micrographs that were observed, the
maximum thickness of metal layers between two adja-
cent ceramic grains (in ceramic—metal regions) ranged
from 30 to 100 nm, approximately.

ICP sintering of alumina has already been reported
[28-30]. Starting from 0.3 pm particles, alumina pow-
der and an Al,0;-0.25% MgO mixture have been



sintered by ICP to 96 and 99.7% of their theoretical
densities, respectively [28]. A similar powder was
sintered by microwave plasma to 99.8% density with a
grain size of 2 um [28]. For MgO-doped alumina with
99.7% density the grain size was about 3 pm. A recent
paper [30] reported the grain sizes of ICP sintered
high purity alumina to be 0.2-0.7 um. To the best of
the authors’ knowledge, except in their preliminary
work [24], the ICP sintering of Al,O;—5wt % Al or
comparable composites has not been reported.

Although the grain sizes of ceramic grains were
quite small in ICP sintered Al,O;—-5wt % Al com-
posites, the ratio of ceramic grain sizes:ceramic par-
ticle sizes in the precursor was much larger than those
in earlier studies of ICP sintering of alumina [28, 30].
It appeared that: by optimizing the processing para-
meters further decreases in the grain sizes were
possible.

3.6. Microhardness tests

The microhardnesses of the sintered samples in am-
bient conditions are shown in Fig. 6. At 0.5 (5 N) and
1.0 (10 N) kg indentation weights Hy, and Hy values
were 410—450. The hardness of the ICP sintered com-
posites were comparable to those of A1,0;-20 vol %
Al Lanxide™ composites [31].

After the microhardness tests the indented areas
were examined by SEM, enabling the crack lengths to
be measured. At 500 g indentation weights the SEM
micrographs (10000 magnification) of the indented
areas showed no cracks. SEM micrographs of the
indented areas at 1kg (10 N) micro-indentation
weight are shown in Fig. 7. At 1 kg of load the lengths
of cracks in the Vickers and Knoop tests were 11 + 3
and 3 + 0.5 pm, respectively.

In both tests the following crack propagation mech-
anisms were observed: (1) intergranular, in alumina
grains; (2) interfacial, through alumina/aluminium
metal interfaces; (3) transgranular through alumina
and aluminium phases. Also, considerable bridging of
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cracks was visible. It appeared that propagation of
cracks occurred through almost every possible mech-
anisms [7]. The probable cause was the microstruc-
tural architecture of the sintered compact: the
composite comprised of ceramic—metal regions with
limited IPC microstructure and the ceramic—metal
regions were dispersed in a uniform ceramic matrix.
The geometric constraints of such an architecture
would force the crack to propagate through and
across ceramic or metal grains and interfaces.

The crack lengths obtained in micro-indentation
tests were quite small. Hence, the composites would
have high fracture toughness values. In the absence of
measured Young’s modulus values, the fracture tough-
ness from the observed crack lengths in the micro-
indentation tests were not estimated.

4. Summary and conclusions

1. By milling a mixture of Al,O;-5w % Al in an
attritor a composite powder was synthesized. During
early stages of milling (4 h or less) the precursor
consisted of tubular shapes of ceramic—metal regions
and uniform ceramic regions. As the milling was
continued the ceramic—metal regions from the early
stages broke into smaller regions and the smaller
regions become progressively dispersed in the ceramic
matrix. Beyond 8 h of milling the microstructure of the
precursor did not change significantly. The cluster
sizes in the precursor with the stable microstructure
ranged from 0.25 to 0.35 um. For the present experi-
mental condition the optimum milling period was 8 h.

2. In the microstructures of the ICP-sintered com-
posites, ceramic—metal regions were dispersed in the
matrix of a uniform ceramic phase. The sintered com-
posite CMCl1, in which the precursor was milled for
4 h, exhibited two distinct geometric configurations of
ceramic—metal regions: 20-50 pm long and 3-10 um
wide tubular areas, and 3-10 um long and 3-5 um
wide tubular areas. The ceramic-metal regions of
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Figure 6 The Vickers (a) and Knoops (b) microhardness of the sintered samples. ®, CMCL1; V, CMC2; ¥, CMC3.
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Figure 7 SEM micrographs of the indented areas from the Hy (a) and Hy (b) tests at 1 kg indentation loads. The samples were from CMC2.
The cracks were propagated through almost every possible route: transgranular and intergranular in ceramic and metal phases, as well as

along ceramic metal-interfaces.

CMC2 and CMC3, in which the milling period of the
corresponding precursor was 8 and 16 h, respectively,
were almost globular, smaller (about 1pm) and
uniformly dispersed in the ceramic matrix.

3. In ceramic—metal regions of CMC2, the grain
sizes of the ceramic grains were about 0.3-2.2 um and
many ceramic grains were separated by 30-100 nm
wide metal layers. The microstructural architecture of
the ceramic-metal regions showed many features of
IPC materials. In ceramic regions no metal phase was
detected and the grain sizes ranged from 0.8 to 1.8 um.

The microstructures of Al,O;—5wt% Al com-
posites had the followinig approximate architecture:
micrometre sized ceramic—metal regions with limited
IPC microstructures uniformly dispersed in a ceramic
phase.

4. The composites CMC2 and CMC3 were more
than 99.7% dense. At 1.0 and 0.5 kg indentation loads,
the Hy and Hg micro-hardnesses of CMC2 and
CMC3 were 410-450.

5. After micro-indentation tests at 1kg load, the
crack lengths in Knoop and Vickers’ micro-hardness
tests were only 11 4+ 3 and 3 + 0.5 um, respectively. In
the indented areas intergranular and transgranular
cracks through ceramic and metal phases were ob-
served. Many cracks propagated through
metal-ceramic interfaces. Also, considerable bridging
of cracks was visible.
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