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A I
1 l x Nano ceramics have special properties: they are superhard, frictionless

and have very fine pores. These special properties are shown only with
grain sizes below 100 nanometers (nm). It is very difficult to retain this
small grain size during conventional consolidation of powders and subse-
quent sinter processes. A key to solve this problem could be the explosive
consolidation with shock pressures up to -30 GPa.

Experiments with nano AI2O3 - powder which was produced by the "ex-
ploding wire technique" with a mean crystallite size of -60 nm showed that
almost 100% of crystalline density is achievable by explosive consolidation.

By SEM - and XRD - analysis is found that phase transitions occur and

Las a result of high shock wave treatment lattice distortion in the material
decreases and subgrain size increases.

j 1. INTRODUCTION

Nanocrystalline materials reveal extraordinary properties as
- improved mechanical strength and increased fracture toughness
- ability for plastic deformation
- new chemical - physical properties e.g. for catalytic applications
- sintered corundum with pore sizes between 15 to 50 nm for mem-

branes
- hard metal of tungsten carbide with grain sizes of 200 nm
- special glasses with modified optical properties by nanoscaled gold

deposits
Because of high friction between the nanosized particles, compaction by
axial pressing is limited to about 30%TD density.
Conventional methods as:

uniaxial cold and hot pressing,
isostatic cold and hot pressing (CIP & HIP)1
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are leading to densities of about 80%TD. Subsequent sintering can only
achieve high density when strong grain growth is taken into account. Up to
now one has reported the fabrication of high density bulk ceramics starting
from nanocrystalline y- AI2O3.

The consolidation by ultrahigh pressures, as developed during detona-
tion of explosives2, therefore is a very interesting alternative to conventional
methods. The purpose of this paper is to report the continuation of research
which was reported previously 1'

2. PREPARATION OF THE NANO-CRYSTALLINE POWDER

The alumina powders used were produced by the "explosive wire tech-
nique" developed by R. Abrams 4 in the USA. This method was further de-
veloped by S. Kotov 5 to produce n-alumina and n-zirconia. In the frame of
a joint project with Forschungszentrum Karlsruhe, this method
was used to produce n-alumina. Aluminum wires were exploded by electric
pulse power in an oxygen environment resulting in n- alumina, consisting
mainly of gamma - with traces of theta AI2O3. The chemical analysis of this
powder and its main physical properties are shown in Fig. 1 together with a
SEM picture.
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Figure 1. Alumina Nano-particles & size distribution

3. PRECOMPACTION OF THE POWDER

As already mentioned the compaction by axial pressing is limited by in-
ternal friction in the powder to 30%TD. In this state the pellets are very
fragile and not suitable for further treatment. By cold isostatic pressing
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(CIP) at 750 MPa the density of the pellets (9 mm dia x 3 mm) could be in-
creased to about 60%TD. These pellets were used for the explosive com-
paction as described in the following chapter. All the experiments were car-
ried out without the use of any pressing additives.

4. EXPLOSIVE COMPACTION

Dynamic pressures were released by detonating explosives. The pellets
of nano - alumina were filled as a stack of 45 mm length in stainless steel
tubes (9x1 mm dia/thickness) closed by an lower and upper end plug and
sealed under vacuum. For loading at pressures up to about 20 GPa these
samples were surrounded by an uniform layer of a proper explosive. The
detonation was initiated at the upper end and was propagating downward
in axial direction. The amount and type of explosive determines the pres-
sure and loading duration. For pressures > 20 GPa a setup was used with
a driver tube concentrically surrounding the container. Upon collision of this
explosively accelerated tube
collision pressures are obtained.
The pressure was calculated from
the velocity of the driver tube and
the impedance of colliding materials.
- The thicker the driving tube, the
longer the duration of pressure.

Both parameters are decisive for
uniform consolidation of the cylindri-
cal sample over its cross section.
Details for optimizing the explosive
parameters see ref.2. Fig. 2 shows
the arrangement for explosive com-
paction. Table. 1 is summarizing the
performed experiments.

with the container high

Figure 2. Arrangement of explosive
compaction

Best results of samples with a glassy (transparent) appearance are ob-
tained at pressure of 8 GPa and higher. Further increase of pressure does
not improve properties of compacts; the phenomenon of cracking in be-
tween the areas of transparent granules is becoming more pronounced at
higher pressure. Also samples with highest hardness up to 1200 HV 0.1
are obtained at 8 GPa.
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Table 1. Performed Explosive Compaction Experiments and Results

Sample
No.

EXPLO 2
EXPLO 3
EXPLO 4
EXPLO 5
EXPLO 7
EXPLO 9
EXPLO 12C
EXPLO 13
EXPLO 14
EXPLO 15 A
EXPLO 15 B

Green
Density

[%]
58
58
58
42
64
60
61
60
60
60
60

Pres-
sure
[GPa]
5.6
8
9

17.5
20

33.7
80
43
32
46
39

Duration of
Pressure

[usec]
10
8
8
1
1

0.8
0.6
0.9
1.0
0.9
0.8

Final
Density
[% TD]

88
99
99
99
100
80
57
92
100
89
100

Micro-
hardness
HV0.1
370
900-1200
750
570
600
...
400
...
800
1125
970

Remarks

milky appearance
glassy appearance cracks
glassy appearance cracks
grains separated by cracks

central molten channel (cif Fig. 3)
totally molten
many cracks
dense grains cif Fig.5
cracks
dense grains cif. Fig.6

At pressures exceeding 30 GPa local melting is very likely to occur.
Sample #9, due to Mach-Stem Formation, reveals a central channel that
was performed by molten material. Newly formed crystallites can be seen
at the border (Fig.3): we see small cubes with a size of 10 urn x 10 urn that
seem tumbling in the central hole. The cubes were formed from an alumina
melt by cooling of the face centered y-phase to room temperature. This
proves that the melting point of alumina with 2054 °C was reached and the
explosive charge being too high.

&&.-* ~.y

Figure 3. Picture of central hole of sample 9

By rapid cooling from the melt the energy rich cubic y-AI2O3 is formed
(Ostwald's rule).
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Figs. 4 and 5 show a cross section of sample EXPLO 3 which was shot
with 8 GPa. These figures demonstrate the glassy appearance of this
specimen.

Figures 4 and 5. Radial cross section of sample EXPLO 3

5. X - RAY INVESTIGATIONS

The compaction of powders is associated with morphological and structural
changes of matter2. This can be revealed by X-ray diffraction. X-ray line
broadening investigations were carried out using a Siemens O 500 - diffrac-
tometer with Cu K a-Radiation (X = 154 pm). Diffraction patterns were made
both from the starting material and samples of compacted n-AI2O3, as shown
in Fig. 5. It is obvious that a transformation from y-AI2O3 has occurred.

? *
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Debye-Scherrer-Diagram for green compact after Explosive Compaction
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Debye-Scherrer-Diagram for green compact

Figure 6. Diffraction patterns of y- AI2O3 taken with Cu Ka-Radiation before (a)
and after (b) explosive compaction.
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The diffraction patterns were analyzed using the procedure of Hall-
Williamson, which had been successfully applied for analyzing explosively
compacted AI2O3 - powders of different grain size6. The full width of half-
maximum of the X - ray diffraction peaks were determined and corrected for
instrumental broadening. To determine lattice distortion and mean crystallite
size, the following relationship exists:

J3.cos0_ 1 4da

A A a

with p = FWHM = full width at half maximum
A, = X - ray wave length
A = mean crystallite size
da/a = lattice distortion

9 = diffraction angle

According to this equation a Hall-Williamson plot allows to determine the
subgrain size and lattice distortion.

HALL-WILLIAMS-PLOT
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Figure 7. Hall-Williamson plot for determination of sub-grain size and
lattice distortion of AI2O3 before and after explosive compaction at
8 GPa (Shot EXPLO 3).

6. RESULTS AND DISCUSSION

The pressure-density relationship for the n-AI2O3 for static compaction (uni-
axial pressing & BELT) and explosive compaction are given in the upper part
of Fig.8. The lower part of Fig. 8 represents the mean crystallite size and lat-
tice distortion, as function of pressure.
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Figure 8. Relative green density, crystallite size and lattice distortion as
functions of compaction pressures.

From the upper part of Fig.8 it is obvious that the "explosive" pressure -
density relationship is just a continuation of the "static" pressure - density re-
lationship obtained by uniaxial and cold isostatic pressing (CIP). Also data of
Chen7 nicely fit this relationship, whereas BELT type data are leading to
lower densities than expected. Maximum density with n-AI2O3 is obtained at 8
GPa.

It is well established that shock loading of crystalline alumna is leading to
severe amounts of Lattice defects, represented by increase of lattice distor-
tion and decrease of mean crystallite size with increasing shock pressure6

With n-AI2O3 exactly the opposite is the case. An originally determined lat-
tice distortion in the n-AI2O3 of 0.36% is decreasing down to 0.04% at a shock
pressure of 8 GPa. The subgrain size is increasing from 16 nm to about 250
nm at 8 GPa shock pressure. One sample, which was loaded statically in the
BELT - type pressure device at 5.7 GPa also shows a decrease in lattice dis-
tortion from 0.36% to 0.1%. So this decrease seems not to be characteristic
of dynamic loading, but just of pressure itself and needs to be investigated
further.

All structural changes, phase transition y -^ a, lattice distortion decrease
and subgrain increase happens in the pressure range up to 8 GPa. Whether
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a phase transition is prerequisite for obtaining full density is not yet clear. Dur-
ing explosive consolidation of Si3N4

 8, it was observed that full density could
be obtained without substantial changes in X-ray line broadening and without
phase changes. Other nanocrystalline materials including metal powders as
well show decrease of X - ray line broadening with shock pressure9.
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