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1. Introduction

In the prevailing atmosphere of worldwide militarization
and an age of nuclear engineering, the use of light sustainable
metals is increasing due to their high ductility, malleability
and high temperature or corrosion resistant properties. An
excellent thermal and electrical conductivity with intrinsic
strength of formability, ductility and corrosion/fatigue
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Micro-sized copper powder (99.95%; 0<0.3) has been shock-processed
with explosives of high detonation velocities of the order of 7.5 km/s to
observe the structural and microstructural sub-strengthening. Axisymmetric
shock-consolidation technique has been used to obtain conglomerates of
granular Cu. The technique involves the cylindrical compaction system
wherein the explosive-charge is in direct proximity with the powder whereas
the other uses indirect shock pressure with die-plunger geometry. Numeric
simulations have been performed on with Eulerian code dynamics. The
simulated results show a good agreement with the experimental observation
of detonation parameters like detonation velocity, pressure, particle velocity
and shock pressure in the reactive media. A pin contactor method has been
utilized to calculate the detonation pressure experimentally. Wide angled
x-ray diffraction studies reveal that the crystalline structure (FCC) of the
shocked specimen matches with the un-shocked specimen. Field emissive
scanning electron microscopic examination of the compacted specimens
show a good sub-structural strengthening and complement the theoretical
considerations. Laser diffraction based particle size analyzer also points
towards the reduced particle size of the shock-processed specimen under
high detonation velocities. Micro-hardness tests conducted under variable
loads of 0.1 kg, 0.05 kg and 0.025 kg force with diamond indenter optical
micrographs indicate a high order of micro-hardness of the order of 159 H,.
Nitrogen pycnometry used for the density measurement of the compacts
shows that a compacted density of the order of 99.3% theoretical mean
density has been achieved.

resistance make non-magnetic copper components a premier
choice in the aerospace industries ! The solidification of
commercially available or chemically/physically synthesized
Cu powder involves hydraulic or isostatic processing, metal
injection molding or sintering. Distinctive challenges arising
on the solidification/ compaction of powders are due to
deterioration of fine grained structure as well as formation
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of undesired phases in the crystal structure that may result
into weak sub-structural strengthening and poor mechanical
properties. These powder metallurgical processes due to the
high capital investment and extended operating period do not
provide satisfactory microstructural sub-strengthening "

Rapid solidification by explosives is gaining a
particular importance in the field of materials science
and powder metallurgy wherein the destructive force
is channelized for constructive roles. Explosives have
number of novel applications in agriculture, forestry,
civil engineering, drilling, cutting, welding, cladding and
forming of metals, powder metallurgy and manufacturing
industries in high temperature and pressure regime. The
explosively generated shock wave compaction is quite
advantageous due to its controlled detonation pressure that
directly transmits shock waves to the powdered materials.
Compaction of materials by shock waves utilizes the
extremely rapid and intense deposition of energy at the
particle surfaces; causes shape deformation and thereby
produce inter-particle bonding and keep the compacts
homogeneous throughout as well. The high pressure
pulse acts only for microsecond offers no opportunity
for the grain-growth or formation of undesired phases.
The high pressure is accompanied by high temperature
which melts the particle surface and is responsible for
solid state diffusional bonding of the particles whereas
the high cooling rates of the order of ~10° K/s does not
allow the material to melt """, Therefore, this type of
rapid solidification retains the original crystalline and
microstructure of the compacts. The basic problem while
working with explosive compaction of metals and alloys
is the controlled detonation pressure. To avoid rigorous
repetition of field trials for optimization of shock wave
parameters, a well coupled Computer simulations by
using ANSYS software AUTO DYNE-2D in Eulerian
mesh has been performed before carrying out the actual
experiments.

This paper presents the computer simulation studies
and experimental verification of shock consolidated
granular copper powder. The crystal structure and the
corresponding microstructure before and after shock
compaction has been studied and correlated with the
theoretical aspects of shock consolidation phenomena.
The computational results are in upright agreement with
the experimental outcome.

2. Experimental

The experimental method involves a cylindrical
compaction system in which powder container ampule is
surrounded by a Perspex pipe and the space in-between is
tapped gently with high energetic explosive. The ampule
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is made of mild steel to withstand with shape deformation
with a conical top and plane bottom plugs. The plugs
are fabricated with annular grooves so that during rapid
solidification process the material may flow into those
grooves and thus making a single conglomerate '*").
An electric detonator is placed on the top center of the
explosive loaded assembly which is further connected to
a generator capacitor exploder to initiate the detonation
reaction. A pin contactor technique is employed to
measure the detonation velocity of the explosive in
the reactive media. A series of electrical pins is placed
through drilled holes on the bottom half of the assembly at
various depths which served to determine the arrival time
of shock wave as it passes through these electrical pins.
The output of these pins is connected to the digital storage
oscilloscope where the electrical signal is converted to the
voltage pulses by a pulser and the arrival time of shock
wave can be determined. Knowing the arrival time and
distance between the pins, detonation velocity can be
calculated by the following relation:

_ poD?
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And the corresponding particle velocity can be
calculated by
D
Up = Yo + 1

Where, is density of explosive used and is adiabatic
exponent of CJ-point with a value of 3 in present
case. Upon reaction initiation, a detonation wave on
interaction with explosive process a shock wave which
traverses down to the explosive column and a rarefaction
wave produces a side on pressure thus collectively an
axisymmetric shock pressure consolidates the powder
material.

detonator

= Perspex pipe

Explosive

Conical plug

Cylindricalampule

Copper powder

Plane plug

Figure 1. Axisymmetric cylindrical compaction system
with explosive in close proximity with Cu.
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The recovered specimen is machined for crystal
structure, microstructural features and microhardness.
Wide angle X-ray Diffraction using X 'PERT X-ray
detector with step time of 1.0s and step size of 0.02
(°20) operating at 40KV over the angle range 30 to 80°.
The initial powder morphology was examined by using
SEM JEOL JSM operating at 25 kV and a pressure of
107 torr. The microstructural study from the fractured
pats of the specimen was observed by FE-SEM at high
magnification. The microhardness of the compacted
specimen was determined by Lieca microhardness tester
with indent load of 50 gf and 100 gf loads. The particle
sizes were measured by using small angle laser light
scattering method whereas the density of the final product
was measured by using nitrogen pycnometry.

The shock parameters have been computed by non-
linear transient numeric simulation using an Eulerian code
in AUTODYN 2D workbench. The equation of state for
the powder and distended materials is governed by the
Mie-Grlineisen relation:

P-P,=Tp(E-E,)
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Where, P is the Shock -pressure, p,is initial tapped
density, s is fitting parameter obtained by the slope of
curve (shock velocity—particle velocity curve) and T is
Mie Griineisen parameter with a value of 2 for Cu "*".
The solution is obtained by modeling the consolidation
experiment in 2d axisymmetric configuration. The
explosive has been modeled by assuming that on
detonation, the propagating detonation wave transfers its
energy to the surrounding material at the reference density
of 1.5 g/cc. The solution of the full set of equations is
obtained numerically by using Eulerian space referential.
In order to produce infinite boundary conditions, the
material flow out and pressure transmission conditions
have been applied to the Eulerian space. In order to
observe the shock pressure variation with respect to
distance from the core, the sensing probes has been placed
at the core and also at radial distances of 3mm and Smm
of the powder compact including the compaction ampoule.
For the initiation of detonation, the point detonation has
been chosen and applied at the top of the set-up as shown
in Figure 2.
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Figure 2. modeling for shock-consolidation set-up with
gauge points.

3. Results and Discussion

3.1 Simulated and Experimental Determination
of Detonation Velocity

The shock pressures are predicted at the core and also
at radial distances of 3 mm and 5 mm of the powder
compact including the compaction ampoule. By proper
selection of the Eulerian simulation parameters, the
modeling of air, copper powder and explosive has been
employed to calculate shock pressures with the theoretical
values. The granular copper powder, weighing 12.25 g
with average particle size of 22 micron, has been filled
manually into ampoule by tapping to a density of 4.6 g/cc.
The filled ampoule is placed centrally inside the outer tube
made of aluminum alloy. A plastic explosive, weighing
0.277 Kg has been filled into the annular space between
ampoule and outer tube to a density of 1.5 g/cc.

Figure 3 depicts the simulated detonation pressure
profile as the shock wave approaches the gauge points
whereas output pulse record obtained by pin contactor
method provides arrival time of shock wave as it
approaches the electrical pins. The distance at which
these pins were inserted into the perspex pipe is known
already. Hence, velocity of detonation can be calculated.
The experimental average value of detonation velocity is
found to be 7.5 km/s which correspond to the detonation
pressure of the order of 18.38 GPa. On the other hand
simulated detonation pressure is of the order of 17.1 GPa
with a net dispersion of 6.9%.

The shock pressures are predicted at the core of the
powder compact including the compaction ampoule.
The shock pressure at the core has been calculated as
41.3 GPa, wherein p = 8.5 g/cc, u, = 4.744 km/s and u, =
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Figure 3. Simulated detonation pressure profile and output pulse record obtained by pin contactor.

1.024 km/s. The simulated shock pressure profile at core
is shown in Figure4, which stipulates a peak pressure
of 38.7 GPa. The dispersion between the simulated and
theoretically calculated values of peak pressure is 6%.

3.2 Crystal Phase Determination

Figure 5 is wide angle x-ray diffraction (WAXD)
pattern of the un-shocked initial and shocked specimen.
Peak positions clearly be identified and corresponds to
FCC structure for both the specimens. No other peak
can be detected in the WAXD pattern is a suggestive of
absence of undesired phases in the shocked specimen.
This means that the compacts have retained their
crystalline structure intact. A little noise in the shocked
specimen as compared to the un-shocked specimen can
be attributed to the partial amorphization which actually
is due to the re-solidified melted regions across the
interparticle boundaries and is responsible for the solid-
state diffusional bonding between the particles. Another
specific feature evident from the WAXD pattern is the
peak broadening of the shocked specimen which indicates
particle size reduction and complements the theoretical
considerations. Under the high pressure of the order
of 41.3 GPa the particles undergo plastic deformation
mechanism which reduces the particle size "

3.3 Microstructural Analysis

Figure 6 (a) represents initial powder morphology
of the granular smooth fine orange-red colored copper
particles with fernlike structure. Few small satellite
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particles can be seen to attach with large particles with a
well-defined dendritic structure. The average particle size
as suggested by micrographs is observed to be about 30
um which matches with the average size taken from the
laser diffraction based scattering experiment. A guassian
distribution of the particles corresponds to avergae mean
diameter of 22 um as shown in Figure 6. The fractured
morphology of the consolidated specimen taken from
the inner core where the pressure was intense, is shown
in Figure 6(b). One feature is quite prevalent that the
original dendritic structure of the specimen has remained
intact and can be observed without any deformation.
The particles are joined together via plastic deformations
which is in agreement with the theoretical prediction. The
interparticle melted regions get re-solidified under high
cooling rates of the order of 10°K/s thus maintaining the

U7 This behaviour is a clear

original microstrucutre
evidence that micro-structural sub-strenghtening has been

achieved in this process with specified conditions.
3.4 Microhardness and Density Measurements

The microhardness of the consolidated specimen has
been tested with diamond indent loads of 0.1 kg, 0.05 kg
and 0.025 kg force. Figure 7 (a) is an optical micrograph
of the polished surface of the consolidated copper which
appears to have smooth finishing and good uniformity.
Figure 7(b) is the optical micrograph with indent loads.
It can be discerned from the micrograph that the indent
loads have been withheld well by the surface of specimen
and no cracking or deformation can be seen. The larger
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Figure 4. snapshot of the shock wave pressure profile as it traverses down to the explosive consolidation system
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Figure 5. WAXD pattern of un-shocked and shocked granular Cu.
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Figure 6. (a) Initial powder morphology showing the
dendritic structure; (b) Microstructure from the fractured
part of the consolidated specimen showing well bonded
structure with intact dendritic structure.

pyramid indent is for 0.1 kg force whereas the smallest
is for 0.025 kg force. The density of the final product is
measured by nitrogen pycnometry corresponds to a value
01 99.3% of the theoretical mean density of Cu.

The observed data with Vicker’s microhardness values as
per ASTM standard E-92 is shown in Table 1 as follows:

Table 1. Microhardness record obtained under various
diamond pyramid indent loads.

Average Maximum Minimum Std. Deviation
154 H, 0.025 154 H,, 0.025 154 H, 0.025 0.0
157 H, 0.05 159 H, 0.05 155 H, 0.05 2.19
136 H, 0.1 136 H, 0.1 135 H, 0.1 0.62
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Figure 7. Optical micrographs showing diamond indenters
at variable loads.

4. Conclusions

A good sub-structural strengthening for granular
Cu has been achieved by using explosively generated
shock waves corresponding to a detonation pressure of
the order of 18.38 GPa and shock pressure of 41.3 GPa.
The computational results obtained by simulations in
AUTODYN -2d software in Eulerian mesh proved to be
an excellent pre-determination of the shock parameters as
the results are in close agreement with the experimental
outcome with a dispersion of 6% only. The crystalline
structure of the consolidated specimen matches exactly
with that of initial specimen without indication of any
other phases as revealed by wide angle x-ray diffraction
studies. The original dendritic structure remained intact
under the shock wave loading without serious melting
as conferred by the microstructural studies. An elevated
microhardness value of the order of 159 H, complements
the sub-structural strengthening observed by the FE-
SEM. Under the controlled conditions of input parameters
the specimen can be consolidated close to the theoretical
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mean density.
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