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SHOCK COMPACTION OF RAPIDLY SOLIDIFIED NICKEL BASED Mo-Al-W
ALLOY POWDERS WITH PRESSURES UP TO 1.2 MBAR

K. P. STAUDHAMMER

Lns Alamos National Laboratory
Materials Science & Technology Division
Los Alamos, New Mexico B7545

Alloys produced by rapid quenching from the melt have
been shcwn to exhibit metallurgical characteristics not
obtainable by conventional casting methods. Such features
include vefined grain size, extended solid solutions [1,2],
metastable phases [3,4), and metallic glasses [5-7]. Super
alloys are among the pest examples of grain growth control in
commercial practice today. The alloys of interest are based
on nickel with alloying additions of aluminum to form the
strengthening gamma prime phase, refractory metals such as Mo
and W, to provide solid solution strengthening and various
interstitial and other minor elements to provide grain bound-
ary strengthening, oxidation, corrosion resistance, etc.

The alloy described in this paper is a high strength

nickel alloy containing 10 wt% Mo, 6.8 wt% Al, and 6 wt% W,

It cannot be easily prepared by conventional casting methods
without gross segregation occurring in the form of massive
dendrites. Gas atomization to form fine powders reduces the
dendrite size and therefore, the segregation. The spacing of
the secondary dendrite arm has been usecd to estimate the coo!-
ing rate of this powder. A cooling rate in the range of 104
to 10°

in diameter. These powders are rhowrn in fig. 1.

K/s [8,9]) was obtained for particles smaller than 100um

The experimental inrestigacion of shock compaction is
based in part on the mach stem lens formation work by
C. K. Morris, R. G. McQueen, and S. }F. Marsh [10]. One of the
fortuitous aspects of the cylindrical explocicn design is its
sujtability as a screening tool with its veory high succoess
rate of reocovery. The designs allow the experimenter to

observe in one shot a wide variety of pressure and strain



Fig. 1. Scanning electron micrograph of as received RSR
Nickel-10Mo-6.8A1-6W alloy powder.

variables necessary to characterize optimum compaction and or
consol idation as a function of initial powder densities. Pre-
vious investigations [11] have shown the effec.iveness of this
technique using 304 stainless steel powders [12]. The unique
microstructure of the Rapid Solidification Rate (RSR) powder
was chosen to help characterize and deliniate the effects of
the shock conditions. It should be emphasized that the powder
was selected to help in the modeling of the formation of the
mach stem zone (over compacted) and that this technique is not
particularly used or recommended to compact RSR powder.

The shock loading assembly is shown in fig. 2. This
design and its modified versions are discussed in several
papers [10, 13-15]. The shock assembly consists of a tube
welded in vacuum containing the sample of interest inserted
into the central axis of a 0.95cm diameter right cylinder
6.7cm long which was set on a 5.10cm pedestal of tha same
diameter. The test sample was surrounded by compositjon C-4
explosive (having a densjty of 1.59 g/cc and a detonation
velccity of 8.04 mm/us) and then encased in a steel recovery
assembly. Initiation of the explosive occurs around the outci
adge of the top of the sample recovery cylinder. The detona-
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versus axial length as
a function of initial

density.

tion wave moves down along the outer edge of the cylinder and
out into the explosive. The sweeping shock wave generated by
the explosive converges at the center «f the cylinder which
creates a high pressure region called the Mach stem. The ter-
minal shock velocity achieved is the detonation velocity of
the explosive and this determines the maximum pressure which
can be attained for any given initial density of powder com-
pact. During the time of formation of the Mach stem, the pow-
der in the central tube experiences increasing shock pressures
with increasing distance down the tube length. At the top the
pressure is approximately 12 GPa and increases to 120 GPa at
the bottom of the holder for an initial density of 70%.

As the powder density changes, the magnitude of the pres-
sure "seen" by the powder also changes. These densities are
shown in fig. 3. Hydrocode computer calculations were
employed to determine shock [ressures experienced by the pow-
der. These calculations employed a two-dimensional Eularian
code which “as the ability to incorporate multi-materials,
material strengths, equation-of-state, and programmed buin
rate for the high explosives. A radial pressure profile at an
axial length of 42mm is shown in Figure 4 for a powder having
an initial density of 68%. The RSR powder experiences a pros-

sure from 58 GPa to a maximum of 118 GPa at the central axiy,
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RESULTS

A cross sectional schematic of a post shocke.l RSR
specimen holder is shown in fig. 5 Of the initial densities
investigated (53%, 58%, and 68%) all had similar characteris-
tics to that shown in fig. 5, only variations in magnitude
were observed. For example, for lower initial density greater
melting and greater decrease in diameter were noted as com-
pared to the higher initial denzity samples. In the consoli-
Gatiun of these RSR powders the region of interest is outside
the central cross hatched region in Figure 5. The further one
moves radially out from any given axial length position, the
less consolidation is observed and essentially only cumpaction
at the extreme edges of the holaer. This observation is
illustrated in fig. 6 for 4 axial length positions (the sample
holder was cut at these length positions). Each axial length
position has a maximum pressure that the RSR powder had expe-
rienced et its central axis (left vertical axis of fig. 6).
with an increase in radial distance, these pressures drop oft,
and reflect the same profile as shown in the central portion
of fig. 4. Obg-rvetions of post shocked samples sectioned at
axial lengths of 12.%, 19, 24, 28, and 42mm revealed the melt
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Fig. 6. Pressure versus radial distance (from center line ¢)
for selected axial length positions of 12.5, 19, 24,
28, and 42mm in a RSR powder sample having an initial
density of 68%. The 42mm axial length corresponds to
the right half of the powder region in Figure 4.

zone to follow line A-A' on fig. 6. Regions to the left of
line A-3A' in axial and radial space all contained pressure-
temperature conditions which resulted in total melting of the
RSR powders. Below line A-A' regions of consolidation and
compaction were observed. It should he noted that this figure
only illustrates the above mentioned regions for 68% initial
density. As the initial density changes (over some limited
range, the profile (shape) of the A-A' curve will change along
with the concomitant pressure achieved. In so doing, several
samples with varying initial densities were prepared and
shocked under the same cond.tions. Observations of melt, con-
solidation and compaction were made, similar to that shown in
fig. 6. The results of all of these observations are shown in
fig. 7. Instead of plotting axial length position and radial
distance, pertinent primarily to the test technique used here,
fig. 7 shows the compaction, consolidation, and meltiny
regimes achieved at any yiven pressure for specific packing
densities of the RSR powder. The initial density range varied
from 53 to 68%.

The increase in the melt zone radius withb increased
travel of the shock wave is not surprising ia light of the
increase in pressure and a change from primarily surface
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deformation of particles at low pressures, to more massive
non-homogeneous particle deformation at the higher pressures.
This is indicative of an increasing entropic temperature as
well as adiabatic heating resulting in a large mel%: zone.

This melt zone is more prominent at the 53% than at the 68%
initial density, and is due to the greater local particle
strain for the lower density as described in [16]). The mach
stem zone (neglecting end effects) as shown in fig. 5 does not
exceed 0.8mm radius along the central axis and is consistent
with the mach stem region calculated in the hydrocode. The
melt zone, however, is not accounted for in the hydrocode cal-
culations and does represent an area for further modeling

work.

The region indicated in fig. 7 is illustrated in fig. 8.
Figure 8a is an SEM micrograph of compacted RSR powder at
12 GPa having an initial density of 68R. Compaction is evi-
dent from the morphology change of the powder particles, as
well as a lack of interparticle bonding. No interparticle
melting was observed at th.s pressure. Fiqure B8b is an ¢ tiji-
cal micrograph of a cross sectjon showing very good particle
consclidation at 64 GFa.

In this pressure regime, no interparticle vuicds were
observed and near theoretical densities aie obttained. F.g-

ure Bc is an optical microsraph at the trunsition between con-



Fig. 8. Micrographs of indicated regions for a RSR sample with
an initial density of 68%. a) SEM of undercompacted
region at 12 GPa, b) Optical micrograph of a consoli-
dated region at 64 GPa, c) Optical micrograph of tran-
sition region between consolidation and melting pres-
sure at 82 GPa, and d) Melt region at 100 GPa.
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82 GPa. The region on the right is consolidated powder while
that on the left has been melted. The increase in dendrite
spacing of the melt zone shown in fig. 8D which was shocked at
100 GPa is evident. For this density of packing, pressures
npove 82 GPa are obviously in excess of that required to con-
solidate. Similar conditions exist for the lower initial den-
sity powders with a concomitant decrease in pressure, as indi-
cated in fig. 7. The transition region shown in fig. 8c has a
40um thick region of recrystallized grains similar to what is
observed in the heat effected zone (HAZ) of a weld. These
recrystallized grains averaged from 7um adjacent to the melt
zone down to 2um adjacent to the consolidated particles. Due
to the large variation of dendrite size in the melt region as
compared to the dendrite size in the as received RSR powder
one is able to correlate the maximum pressure for consolida-
tion as a function of initial density.

SUMMARY

Use of the radial implosion design as described here has
allowed for the determination of optimum pressures required
for consolidation of RSR Ni-10Mo-6.8Al1-6W alloy powders as a
function of initial packing density. These sets of
experiments @re in line with previous work on other shock
consolidated powders showed that an increase of initial
density decreased the melt zone, and only required a slight
increase in the pressure to consolidate.
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