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[. INTRODUCTION

When powder in a container 1s consolidated, the initial bulk density diciates the volume
change that is required to produce a solid compact. The armangement of the particles and the
consequent distribution of voids between the particles has a major influence on the

subsequent behavior of the powder mass. In the consolidation process powder must



underco rapid derormanon and tlow o ehiminate the vord space and torm strong merparticle
bonds. This process ot densificauon and imerpartele bonding 1s very complex and is
strongiy dependent or any restdual cintentonat or umnienuonai) gas m the voud pockets.
Gias presence in i pre-compacted sample can have a signiticant ettect on the quality ot the
resulting compacted monoliths. In fact. carlier attempts | 1] to shock consolidate metal
powders using optimum shock pressures under atmosphernic gas pressures in the pre-
compacted powder resulted in poor consolidation and/or tractional melting of the powders.
Iniual solutions to this emploved vacuum outgassing ot consolidated monoliths [3], and to
evacuate the initial compact prior to shock consolidation. To a large extent both inethods
appeared to work. However, vacuum owrgassing afier consolidation did not prove to be
convenient or practical. On the other hand. pre-evacuating. did produce better results and
was thought to be the best obtainable. The vacuum that many investigators were achieving,
however. was not a "hard" vi-uum. but rather just a reduced intermal pressure. ‘The residual
pressure resulting trom gas rapped in the pores of the metai powders produced variations in
the results and interpretation of vacuum prepared specimens. In fact, pre-evacuation of
capsules containing samples ot metal powders in the size range ot 50 to 250 mm at
approximately 65% packing densiy act as “virtual leaks” (o a pumping system {7.8]. Itis
extremely difficult to remove the entrapped gases by pumping on them, even to the extent of
a few days. To truly obtain very low intemal pressures (< 10-3 Pa) other methods such as
moderate temperiature bake out under vacuum must be emploved.

Tne eftect of residual internas gas pressure on the shock consolidation process can be
demonstrated by the use of fig.1. In fig.] the Hugoniot compressibility of a porous material
is shown generically. This Hugonmot curve is for a porous system having an "ideal vacuum'’
environment in the pores. Any residual gas environment even at 10~} Pa would shift the
release sotrope towards the right tlower compaection) - ie to the compressibility of the
entrapped gas that cannat leave the system. Thus the Hugoniot as shown in fig. 1 is only an
approximate representation s one approaches verv low residual gas presswes. Pracucally.
as we will show wiatb the expertments pertormed here, residual pressure as low as 10 by
has a protound ettect on the consolidated monolith, preventing tull consolidation. In fact, an
understanding ot internal gas pressure and its accumulative etfect on the consolidation
process s essential in the production of optmum monoliths. However, such an

understanding is not only apphicable to the consolidation process but also among other
things, to shock synthess,



(1. EXPERIMENTAL

Sampies ot Valimet 30488 1707320 mesh powder were exposedd to simular shock conditions.,
[he pre-shock memai pas pressure virted over the range ot bestobramable vacuum o

roughly 0.1GPa of N2 gas. The conditions are summarized in the tollowing table:

Pressure Molar ratio Starting range ot shock
N2 gas (Pa) N2/3G4S8 density pressure
7x10-4 10-12 -07% heoreucal 108 Pa
103 104 ~67% theoreucul to
107 102 ~67% heoretical 1x108 Pa
Lo8 10-1 ~07% theoreucal

The internal gas ervironments of the samples were produced as tollows:

* 7x10-4 Pa- The 304SS powder was placed in a 304SS tube and evzcuated to roughly 10-3
Pa. 'The system was then backtilled to aunosphere with dry nitrogzen gas. ‘This process
was repeated 3 times. The sample was then left on the vacuum system for 4 days with
periodic external vibrarion to increase pumping speed in the tine pores of the powder. At
this point the sample was valved off from the pumping system and the pressure rise with
time noted. After tour days of pumping, “virtual leaks” from the porous powder were still
being observed. The pressure recorded was not the lowest obtained but an estimate ot the
equilibrium resulting from the trapped gas. A pinch weld in a brazed copper end piece was
made to preserve the vacuum. The sample was explosively compacted roughly one hour
after being removed from the pumping system,

#1095 Pa- Were prepared similirly to the vacuum sample by backfilling with dry nitrogen
from roughly 103 Pa and pinch welded.

* 107 and 108 Pa- The samples were placed in commercial 316 stanless steel high pressure
tubing and pressurized with dry N2, Commercial high pressure valves were used to
maintain intemal pressure until explosive compaction, The design of the assembly allowed
the passing shock wave to pinch off the tubing after passage through the sample. separating
the vilve assembly and leaving the sample for post shock analysis and is shown
schematically in fip.2.

Various versions of the shock desien have been deseribed previously |8 10]0 Post shock
amalvsiy was carned out by a variety ot echmiques. The primary method of analvsis was
Scannine Electron Microscopy (SEM) supponted by opucal nucroscopy. Enerey Dispersive
\nalvsis (EDX) was used 1o contirm chenucal analvas, X oray diffracton (XRE) was used
to detenmime textuning ot the powders produced by the shock event. e post shocked

simples were cut pemendicular o the central axis at selected distances correlating o specitic



shock pressures. Mewldlocrapme samples were chennceaily ewched by standard techmgues

prior to analysis,

[II. RESULTS AND DISCUSSION

Shown in fig.3 are the overview cross section at equivalent shock pressures of 0.4 GPA for
the range of internal gas pressures form 7x10°4 Pa (fig.4a) 1o 103 Pa tfig.3d). The best
consolidation was achieved with the “best vacuum’” condition of 7x 10+ Pa. At 103 Pa and
107 Pa (fig. 3b.c) the resultant structure shows less consolidation, however, reasonably well
compacted regions exist within each sample. At 108 Pa the strucure is very looscly
compacted with minimal particle bonding. In fact many of the powder particles were lost,
some due to mewllographic preparation. but in general most were lost as a result of shock
venting of the sample holder. It should be noted that the sample holder tor the 108 Pa, No
pressure fig.3d) had a smaller internal diameter than those shown in figs.3a-c. This was
necessary to accommodate the high intemal gas pressure. In companson to the shock
pressure. an internal pressurc of 108 Pa has a significant cooling effect upon release just after
shock wave passage. Thus, the lack of melting at the inner core nezrest the Mach stem that
was present in fig. 3b with an initial pressure of 105 Pa. In addition, the vented gas exits
with a far greater velocity at the higher pressure and has the capability 1o carry with it those
particles which are not sutficiently anchored in the matrix. Samples consolidated at a lower
shock pressure of (0.1 GGPa are shown in fig.d. The quality of consolidauon is evident for
these series of micrographs. as well as. the degree of porosity. Clearly, the effect of internal
N2 gas pressure is particularly evident in de and d. where consolidation was not achizved. A
more detailed SEM microstructure is shown in fig.5 taken from fig.4d. The regions marked
A are backfilled epoxy material used for the metallographic preparation o the samples. ‘The
structure of the particles show little detormation and no melting of the particle surtaces or
near interstices ot the nore collapse as was evident in poruons of fig.da, ‘The obvious lack of
melting particularly at the pore sites 18 shown in fig.Sc-d. Even at the higher pressure
tfig. 5d) melting 15 not observed. Figure 6 is a schematic represeration of the mcrease in
temperature resulting trom the shock event. ‘There are actually three major contributions, the
adiabatc, residual and strain which are discusaad in an earlier paper [12]. The combined
ctect of these tactors is shown as the line labelled “Solid”. However, for a porous sample,
the temperature nise s much ereater duc to the collipse in volume and the resulting large
strain temperature contribution as depicted in fig 6. Additionally, the wemperature increases
with shock compression of an enclosed or entrapped gas in the pores. The entrapped gas has
different compressibility than the matrix metal powder and upon passage of the shock wave

the yras remams behind i smaller volume. at ereater pressure and at a hieher enerey state.



This results 1n a netinerease in the overadl temperature.  The mtemal gas pressure decreases
the "guality” of consohidation via excess wmperature resulung in locahzed melunge and/or
cracking ot the consolidated compact, A\t very high mtemal gas pressures, the pas can have a
very detnmental ettect and preveat parucle to parucle bonding even though the adiaba ic
temperature may exceed melung. This resvits trom the high intemal gas pressure preventing
particle contact.

An attempt to explain the increase in temperature resulting from shock compression ot
the higher internal gas pressure can be illustrated in fig.7. Temperature protiles as a function
of time. tor shocked samples involves a complex combination ot events. The initial adiabatic
compression causes the temperature of all samples to rise along a similar path. liowever,
after passage of the shock wave the amount of residual strain, non-adiabatic gas heating and
heat of reaction cause the sampie to cool along different paths as indicated in tig.3. The time
scale for these events is much longer than that of the shock wave itself and the specimen
temperature is lowered. None the less. it is in this regime where many of the observed
events of chemical and metallurgical significance occur.

The relationship of strain and non-adiabatic heatirg is illustrative of this point. In the
case of a hard vacuum, a monclith with essentially no porosity can be obtained. The post
shock temperature is a result of heating caused by the di:formation of individual particles to
fill the interparticle voids. As the pressure of internal trapped gas in collapsing voids
increases. the situation changes. At lower starting intemal pressures, the individual
particles still deform although not to complete void collapse. As the pressure ir: the
collapsing void reaches the shock pressure the internal gas becomes trapped. This results
in heatung trom a combination of local strain in the particles filling collapsing voids. and
non-adiabatic heating resulting from compressed gas rapped in the porous monolith, At
the extreme where the starting internal pressure. 1s a significant fracdon of the shock
pressure, little strain is observed. Individual parti¢les are essentially undeformed
fig.4d.5d. Intemal gas pressure vented immeadiately atter passage of the. shock wave since
no closed pockets have formed. The rapid drop in pressure results in modest cooling of the
sample helow the starting conditions. This effect was observed empirically during tests.
Initially all samples could be handled immediately after explosive compaction. As time
passed. the high strain, low intemal pressure samples warmed as heat from the interior
reached the surtace. 1 the case of low stain, high internal pressure, the samples never
became hot. The amount of this stram was measured more divectly by x rav ditfraction as
shown e fig 8. The ratio of the intensity ¢f the (220/(200) retlections are ‘ndicatve ot
nternal parucle striun and are plotted in tie.9. The overall stram m all samples was about
Yo as measured by the elongation ot the samiple howers, Phis amount would normally not
be detected by x-ray diffracvon. The amount of deformauon in individual parucles 1s muci

preater duce to vord collapse and can be detected. The simmple with the hiehestinternal



pressure showed essenually no ditference rrom the onginal stamng powder. The sample
with the lowest internal pressure exhibited signiticant preterential texturing as a result of
deformauon as measured by XRD. The type of texturing produced in the samples with low
internal pressure. high strain is similar to that observed for mechanically drawn material.

This is consistent with the cvlindrical geomerry of the shock assembly.

IV. CONCLUSIONS

Consolidation is directly proportional to the imual intemal gas environment of powder
specimens. We have observed measurable etfects with starung gas pressure less than
atmospheric. Because of the difficulty in obtaining vacuum in powder specimens care must
be exercised in interpreting results from experiments conducted under nominal but uncertain
vacuum conditions. The use of controlled gas environments can significantly enhance a
variety of shock consolidation processes. in particular, shock synthesis can successfully
employ these results.
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