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Microstructural characteristics of shock
consolidated 2124 Al alloy compacts
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2124 alloy powders have been compacted using explosive compaction. The effect of process

parameters like explosive pad thickness and impact energy imparted to the powders on the

microstructure and hardness across the cross-section of the compact have been

investigated. When the thickness of the explosive pad was increased to 9.5 mm, three

distinct microstructures with different hardness values were found across the cross-section

of the compact. The size and shape of the h phase precipitates were different in the fine

grained structure when compared with that of the original particles and triple point

junctions. Central porosity and pipe formation were observed when the thickness of the

explosive pad was increased beyond 14.5 mm. Variation in the microstructure of the

compact across the cross-section disappeared when the diameter of the compact was

increased from 11 to 25 mm.
1. Introduction
The consolidation of powdered materials by dynamic
compaction is receiving much attention, particularly
with the recognition of the ability to consolidate rap-
idly solidified metastable powders without affecting
their special microstructural features [1—6]. There-
fore, it is of interest to study the effects of dynamic
compaction on rapidly solidified microstructures.
Some studies on air atomized aluminium powder
compacted using two stage gas guns [7] indicated
anisotropic deformation around the surface of the
particles. In large melted pools, dispersed oxides were
seen. Fine grain size and entrapped microporosity
were also found and were attributed to rapid freezing.
In the shock consolidation of aluminium and
Al—1.4 wt% Co powders, defect substructures exhib-
ited extensive recovery from heating associated with
dynamic consolidation [8]. In the present study,
microstructural variations occurring during explosive
compaction of atomized 2124 aluminium alloy pow-
ders have been investigated.

2. Experimental procedure
The arrangement for explosive compaction is shown
in Fig. 1. The compaction was carried out in 10 and
25 mm diameter aluminium tubes. One end of the tube
was closed by a plug and the powder was vibratory
packed to uniform density along the length of the
tube. Subsequently, the tube was closed by a second
plug and the tube assembly centrally located inside
a cylindrical plastic container. The annular cavity
0022—2461 ( 1997 Chapman & Hall
between the metallic tube and the plastic container
was packed to a uniform density with trimonite, an
explosive powder. Detonation of the explosive was
carried out from one end of the assembly in the verti-
cal position. This produced a convergent cylindrical
shock wave that collapsed the tube and compacted the
powder.

The particle size of the 2124 powder used in the
experiments was 45 lm. The explosive pad thickness
between the metallic tube and plastic container was
varied from 5 to 22 mm. The impact energy imparted
to the powder varied from 177 to 4545 MJm~3, when
calculated using the equation given by Hegazy and
Blazynski [9]. The method of calculating the impact
energy imparted to the system has been given else-
where [10]. Other experimental details are given in
Table I. After compaction, the compacts were cut for
microstructural and hardness studies. Optical metal-
lography specimens were prepared by standard pol-
ishing techniques and etched with Kellars’ reagent.
Transmission electron microscopy (TEM) specimens
were prepared by the twin jet electron polishing tech-
nique using an electrolyte consisting of 30% HNO

3
in

methanol at 15 V. TEM studies were made using
a Philips EM 430 T microscope using an accelerating
voltage of 300 kV.

3. Results
The microstructure of the starting material is shown in
Fig. 2. With a 5 mm thick explosive pad 97.54%
theoretical density was obtained. The microstructure
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Figure 1 Experimental setup for explosive compaction.

Figure 2 Microstructure of 2124 Al powder.

of the compact produced, shown in Fig. 3, shows
almost uniform structure except at the centre, where
a region 2 mm in diameter having different micro-
structure occurs. The microstructure at the periphery
.
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Figure 3 (a) Microstructure of the 2124 Al compact produced by
the 5 mm thick explosive pad, showing different structures across
the cross-section. (b) periphery (A) and (c) centre (B).

of the compact showed a fine dendrite structure sim-
ilar to that of the original powder. The central regions
of the compact showed a dual structure with new
white non-etching areas amidst the original dendritic
structures. At the periphery of the compact, prior
particle boundaries completely vanished and we found
a new type of structure showing up as black patches.
TABLE I Experimental details of explosive compaction of 2124 Al powder

Sample No. Tube diameter
(mm)

Explosive pad
thickness

E
.
/P

.
Impact energy
(MJm~3)

Pressure
(GPa)

R
(E

.
/¹

.
)

% theoretical
density

(mm)
Inner Outer

1 11 16 5.0 1.78 177 0.70 1.08 97.54
2 11 16 9.5 4.11 919 1.45 2.49 95.67
3 11 16 14.0 7.14 2062 2.16 4.31 Central porosity
4 11 16 22.0 14.20 4545 3.37 8.59 Pipe formation
5 25 32 8.5 1.43 220 1.33 1.386 98.00

E
.
"Explosive mass

P
.
"Powder mass

¹ "Metallic tube mass



Figure 4 SEM micrograph showing remelted zones at the triple
point junctions at the periphery of the compact produced by the
5 mm thick explosive pad.

The microstructure in these black patches is extremely
fine as shown by the arrow marks in the scanning
electron micrograph (Fig. 4).

The variation in the microstructure is even
more significant when the explosive pad thickness is
increased to 9.5 mm. Across the cross-section of the
compact, we find three distinct regions (Fig. 5). At the
periphery, the structure is similar to the initial den-
dritic structure. When we move in by about 3 mm
from the periphery towards the centre, we find a dual
structure showing a mixture of the original dendritic
structure and non-etching white regions, similar to the
one obtained at the central region of the compact
using the 5 mm thick explosive pad. The dual struc-
ture appears as a 1 mm thick ring as shown by the
arrows in the figure. At the centre of the compact,
a cellular network type structure is observed. This
region contains some porosity and cracks too. The
microhardness in these three different regions, i.e.
the regions with original dendritic structure, non-
etching white areas and the central areas with cellu-
lar structure, were found to be 80, 92 and 58 Vickey’s
Pyramid Number (VPN), respectively.

Fig. 6 shows the effect on the microstructure when
the explosive pad thickness is increased to 14 and
22 mm. In the compact produced by the 14 mm thick
explosive pad, the area occupied by the central cellular
structure further increased and much porosity was
observed at the central region of the compact. When
the explosive pad thickness was increased to 22 mm,
pipe formation with much porosity and many micro-
cracks were observed.

The microstructures across the cross-section of the
compact produced in the 25 mm internal diameter
aluminium tubes are shown in Fig. 7. This compact
showed almost no variation in microstructure from
the periphery to the centre of the compact.

4. Discussion
The impact energy imparted to the powder was
calculated to be 177 MJm~3 when the 5 mm thick
explosive pad was used. The structure of the com-
pact produced using this pad (Fig. 3) reveals the
well retained original dendritic structure of the in-
itial powder almost throughout the sample, except at
interparticle boundaries. Prior particle boundaries
disappeared fully and no trace of particle boundaries
was seen in the compact. At the triple point junctions
Figure 5 (a) Microstructure of the 2124 Al compact produced by a 9.5 mm thick explosive pad, showing different structures across the
cross-section. (b) periphery (A), (c) middle (B), and (d) centre (C).
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Figure 6 Porosity and pipe at the centre of the compacts produced by (a) 14 mm and (b) 22 mm thick explosive pads.
Figure 7 Microstructure of the 2124 Al compact produced in
25 mm diameter tubes showing no variation across the cross-section
of the compact: (a) periphery, (b) middle and (c) centre.

we found black etched regions. The structure in these
areas could not be resolved by optical microscopy.
These appear to be remelted areas that could have
formed due to frictional forces between the particles
5274
Figure 8 Bright field image of compact showing the difference in
grain size between the interior of the particle (A) and the triple point
junction (B).

colliding with one another at very high speeds. The
fine grained microcrystalline structure of these tiny
remelted regions at particle interfaces can be seen in
an SEM micrograph (Fig. 4). These regions have been
studied by TEM and the difference in microstructure
between the particle and the triple point junction can
be seen in Fig. 8. The black regions observed in the
optical microscope show very fine grained structure
0.4 lm in size compared with 1.5 lm size grains at the
interior of particle. Selective area diffraction of both
regions clearly shows that the grains in the triple point
junctions are crystalline in nature (Fig. 9).

In the central regions of the compact produced by
the 5 mm thick explosive pad, the interparticle bound-
aries contained white non-etching areas (Fig. 3), which
might have formed due to generation of high temper-
atures at the centre of the compact by the convergent
shock waves. While the particle surfaces melt, the
interiors remain relatively cool and the heat flow to-
wards the interior could rapidly quench the melt. The
cooling rates from the melt at the particle boundaries
following shock consolidation, depending upon the
impact energy and the amount of interparticle
melting, can be as high as 106—1010 °C s [11]. This is
in contrast to the cooling rates of 102—106 °C s at-
tained in conventional rapid solidification processes
[12]. Similar kinds of non-etching structures have
been observed in explosively compacted Markomet



Figure 9 (a, b) Bright field TEM image and (c, d) SAD pattern of particle interior and triple point junctions, respectively showing crystallinity
in both regions.
Figure 10 (a) Bright field TEM image and SAD pattern of (b)
etching region and (c) non-etching regions showing the variation in
grain size and crystallinity in both regions.

1064, a nickel base alloy powder, by Thadhani et al.
[13]. In their study, the non-etched regions were at-
tributed to the formation of an amorphous phase at
interparticle boundaries. Fig. 10 is a bright field image
and a selective area diffraction pattern of the structure
observed in the central region of the compact. The
white region consists of very fine grains of 0.2 lm in
size. The selected area diffraction pattern shows that
non-etching white regions observed in Fig. 3 are cry-
stalline and not amorphous.
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Figure 11 (a, b) Bright field TEM image and (c, d) SAD pattern of h precipitates at intercellular region of large grains (a, c) and inside the fine
grains of non-etching regions (b, d).
Interestingly, while both the original structure and
the fine grained structures show h phase precipitation,
the precipitate shapes and precipitation sites are dif-
ferent in the two cases. In the case of particle interiors
having large grained structure, the h phase precipi-
tated at the grain boundaries in a continuous way;
whereas in the fine grained structure of white non-
etching areas, it precipitated inside the grains in the
form of globules. TEM imaging and selected area
diffraction in Fig. 11, show the difference in appear-
ance of the h phase in the two regions and confirm
that both are h phase. Precipitation of the h phase
as a spherical shape inside the remelted zones could
be due to additional nucleation sites that would
have been created due to the very rapid solidification
rates.

Three distinct microstructural regions are found in
the compact produced by the 9.5 mm thick explosive
pad with an imparted impact energy of 920 MJm~3;
these can be explained considering the change in pres-
sure across the cross-section. It is known that the
pressure generated in axisymmetric explosive compac-
tion will increase in order from the periphery to the
centre of the compact [14]. The well bonded original
dendritic structure found at the periphery can be at-
tributed to the generation of pressure just sufficient to
meet the requirement for particle bonding. As one
moves radially inwards the pressure increases due to
convergent shock waves. This increase in pressure
5276
could have resulted in the formation of the different
microstructures observed across the cross-section of
the compact. With increasing pad thickness, the loca-
tion of the dual structure found at the centre of the
compact using the 5 mm explosive pad, shifts radially
outwards like a ring, indicating a shift in the condi-
tions for obtaining the dual structure towards the
periphery. With increased impact energy, the intensity
of the shock wave will naturally increase, which results
in higher pressures and temperatures at the centre of
the compact. The cellular structure, present at the
centre of the compact obtained using a 9.5 mm explo-
sive pad (Fig. 5), could be due to large scale melting
and resolidification caused by such high temperatures.
TEM imaging shows that the central region consists of
two kinds of grains: very fine equiaxed grains and
longitudinal columnar grains, as shown in Fig. 12. The
h phase precipitates along the grain boundaries as
shown in Fig. 13. Precipitation of the h phase along
the grain boundaries is an indication that the cooling
rates in the central region of the compact produced by
9.5 mm thick explosive pad are not as high as those
observed at the white non-etching areas. This could be
due to the large volume involved in melting and re-
solidification at the central regions.

The outer regions have a hardness of 80 VPN,
which is close to that of the starting material. The
hardness in areas containing the white non-etching
zones at the interparticle boundaries is 92 VPN. This



Figure 12 Bright field TEM image of the central region of the
compact produced by the 9.5 mm thick explosive pad showing (a)
very fine equiaxed grains and (b) longitudinal grains.

Figure 13 Bright field TEM image showing h precipitates along the
grain boundaries of equiaxed grains at the centre of the compact
produced by the 9.5 mm thick explosive pad.

high hardness could be due to the very fine grain
structure [7]. The low value of 58 VPN in the central
region of the compact could be due to the porosity
caused by melting and resolidification.

When the explosive pad thickness was increased to
14 mm and the impact energy to 2060 MJm~3, poro-
sity appeared in the centre of the compact (Fig. 6). This
could be due to the very high temperatures caused by
the convergent shock waves causing high pressures
[15]. The material at the centre of the compact might
have melted completely and resolidified. When the
explosive pad was increased to 22 mm thickness, the
impact energy increased to 4545 MJm~3 and the
central porosity further increased leading to pipe
formation due to the enlargement of the high temper-
ature region. The locations of the dual structure, cellu-
lar structure and central pipe also shifted radially
outwards.

Although compacts produced using 5 and 9.5 mm
explosive pads in 11 mm diameter tubes showed
microstructural variations across the cross-sections,
the compacts produced using 25 mm diameter tubes
with 8.5 mm explosive pads with impact energies of
220 MJm~3, showed absolutely uniform structures
across the cross-sections (Fig. 7). This could be due
to the availability of a longer path for the shock-
waves to penetrate. When shock waves with high
intensity travel from the periphery to the centre
of the compact, if the length is not sufficient to ab-
sorb the entire shock energy before it reaches the
centre of the compact, it raises the temperature of
the interparticle boundaries thereby producing
melting and resolidification of the material. This
caused the variation in the microstructure across the
cross-sections of the compacts produced using small
size tubes.

5. Conclusions
2124 alloy powders can be compacted to 98% theoret-
ical density by explosive compaction. Although the
original microstructure is largely retained up to
a 5 mm thick explosive pad with an impact energy of
177 MJm~3, the triple point junctions show refined
structure. At an explosive pad of around 9.5 mm
thickness and with an impact energy of 920 MJm~3,
three microstructural zones are found across the
cross-section. While we find original particle dendrites
at the periphery of the compact, white non-etching
areas are found at the interparticle boundaries at the
intermediate region of the compact. Melted and re-
solidified porous structures are found near the centre
of the compact. The white non-etching areas with very
fine grains 0.2 lm in size exhibited globular precipita-
tion inside the grain, whereas in other regions, i.e. in
the interior of particles and triple point junctions,
precipitation of a h phase network was observed along
the grain boundaries. The precipitation of a h phase
within the grains of the white non-etching areas seems
to be the result of solidification at rates even faster
than those experienced by the atomized powders. Fur-
ther increases in the thickness of the explosive pad and
the impact energy lead to pipe formation at the central
region of the compact and shift of the other two zones
towards the periphery. The problem of having a vari-
ation in microstructure can be avoided by simply
increasing the diameter of the compact size while
maintaining the optimum processing conditions ob-
tained using the smaller size compacts. Thus using an
optimum thickness of explosive pad, compacts up to
98% theoretical density can be prepared without de-
grading the rapidly solidified powder structures.
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