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I. INTRODUCTION

When powder mna container is consolidated, the initial bulk density diciates the volume
change that is required to produce a solid compact. ‘I'he arrangement of the particles and the
consequent distribution of voids between the particles has a major intluence on the

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



anderzo raprd detormanon and Tow o climmae 1he vord space ana torm sirony nmerpanicle
bonds. This process on densimcaon and merparuele bondime 1s very complex and 1s
strongiy dependem o any reswdual tiarennonal or wmmiennonai) gas mihe vord pockels.
Gias prescnce m i pre-compacied sample can have a signiticant etfect on the (ualny o1 the
resulting compacted monoliths. In fact. carlier attempts | 1] to shock consolidate metal
powders using oprimum shock pressures under atmospheric gas pressures in the pre-
compacted powder resulted in poor consolidation and/or fractional melting ot the powders.
Initial solutions 10 tiis emploved vicuum outgassing of consolidated n:onoliths [3]. and to
¢vacuate the initial compact prior to shock consolidation. To a large extent hoth inethods
appeared 10 work. lowever. vacuum outgassing atier consolidanon did not prove to be
convenient or praciical. On the other hand. pre-evacuating. did produce better results and
was thought 10 be the best obtainable. ‘The vicuum that many investigators were achieving,
however. was nota "hard” viicuum. but rather just a rediiced intemal pressure. ‘I'he residual
pressure resulting trom gas rrapped in the pores of the metl powders produced variations in
the results and interpretation of vacuum prepared specimens. In fact. pre-evacuation of
capsules containing samples of metil powders in the size range ot 50 to 250 mm at
approximately 65% packing density act as “virtual leaks” 1o 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 mtemal pressures (<103 Pa) other methods such as
malerate temperiture bake out under vilcuuin must be emploved.

Thne ettect of residual intermas gas pressure on the shock consolidation process can be
demonstrated by the use of fig. 1. In tig. 1 the Hugoniot compressibility of a porous material
is shown genenically. ‘This | lugomot curve is tor a porous system having an “ideal vacuum’
cnvironment in the pores.  Any residual gas environment even at 10-1 0 woud shift the
release 1sotrope towards the right tlower compaection) - te to the compressibility ot the
entrapped gas that ciumat leave the svstem. ‘Thus the Hugoniot as shown in fig. | is only an
approxumate representation iis one approaches verv low residual gas pressines. Pracncally,
as we will show wiath the expermments performed here. residual pressure as low as 10 I pa
has a protownnd ettect on the consolidated monolith, preventieg tull consolidation. In fact, an
understanding ot internal gas pressure and its accunnlative etfect on the consolidation
process s essemal inhe production of optmum wonoliths, However, such an

mucderstandimg 1s not only appheable 10 1the conselidation process nn aiso among other

thines. 10 shock svnihests,



Il EXPERIMENTAL

Samipies of Vadimer 20488 5707320 mesh powder were exposcad o smdar sfiock condmions,
e pre-shock miemai gas vressure varied over the ringe or bestobramable vacuum o

roughly 0. 1GPa of N2 eas. The conditions are summarized in 1he following able:

Pressure Molar ratio Starting range ot shock
N2 gas (Pa) N1/3(45S densuy pressurc
7x10- 10-12 07% theoretical 108 Pa
103 10+ -67% theoreucal 10
107 10-2 ~67% theoretical Ix108 Pa
o8 10-1 ~07% theoretical

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

* 7x10°4 Pa- ‘The 304SS powder was placed in a }MSS tbe and evzcuated to roughly 10-3
Pa. "The system was then backfilled to sunosphere with dry nirogen gas. ‘1h:is process
was repeated 3 times. The sample was then left on the vacuum sysiem for 4 days winh
penodic external vibration 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 four days of pumping, “virtual leaks” from the porous powder were still
being observed. The pressure recorded was not the lowest ubtained but an estimate of the
cquilibrium resulting from the trapped gas. A pinch weld in a brazed copper end piece was
inade to preserve the vicuum. The sample was explosively compacted roughly one hour
after being removed from the purnping system,

* 105 Pa- Were prepared similacly to the vacuun sample by backfilling with dry nitrogen
trom roughly 10-3 P and pinch welded.

* 107 and 108 Pa- e siumples were placed in commercial 116 stainless steel Tigh pressure
tubing and pressurized with dry N2, Commercial high pressure valves were used to
maintiain mtemal pressure until explosive compaction, ‘The design ot the asseimnbly illowed
the passing shock wave 1o pinch off the tubing atter passage throngh the siimple. separating
the vilve assembly and leaving the sample tor post shock anaiysis and is shown
schermatically i,

Varions versions ot thie shock desien have been deseribed previously |8 10]. Post shock
aalvars wits carred o by i vaeiety of iechimques. e prmiary method ot anilvses wis
Scinmme Flectron Microscopy 1SEN) supponied by opucat nmeroscopy. Enerey Dispersive
Amaivais (EDX) was osed 1o contirm chemcal analvsis, X v ditfraciion (NRDj was used
to determune texturmg ot the powders produced by 1he shock event.  1he post shockedd

simmiples were cut perpendicular o the central axis a selected distanees correlatug o specitic



shock pressnses. Mealiocrapime ssimples were chenncaity ciched by stmdard weehnigues

prior 10 analvss,

1. RESULTS AND DISCUSSION

Shown in tig_ 3 are the overview cross section at equivilent shock pressures ot (0.4 GPA for
the range of internal gas pressures form 7x1074 Pa tfig 4a) 103 Pa tig.3d). e best
consolidation was achieved with the “best vacuum™ condition of 7x10°% Pa. At 103 Pa and
107 Pa (tig. 3b.¢) the resultant struciure shows less consolidation. however, reasonably well
compacted regions exist within each sample. At 108 P2 the struciure is very loosely
compacted with minimal particle bonding. In fact many of the powdler particles were lost,
some due to metallographic 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, N2
pressure (fig.3d) had a smaller internal diameter than those shown in figs. da-c. This was
necessary 1o accommaoxlate 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 nexrest the Mach stem that
wils present in fig. 3b with an initial pressure of 103 Pa. In addition. the vented gas exits
with a tar greater velocity at the higher pressure and has the capability to carry with it those
particles which are not sutticiently anchored in the matrix. Samples consolidated at a lower
shock pressure of 0.1 GiPa are shown in fig.d. ‘The quality of consolidation is evident for
these series of micrographs. as well as. the degree of porosity. Clearly, the etfect of internal
N2 gas pressure is panicularly evident in de jud . where consolidation was notachizved. A
more detailed SEM microstructure is shown in fig.5 taken from tig.4l. ‘The regions marked
A are backfilled epoxy miaterial used for the metallographic preparation o the samples. ‘The
structure of the particles show little deformation and no melting of the particle surtaces or
near interstices ot the nore collapse as wis evident in portons of fig.da. ‘The obvious lack of
melting particularly at the pore sites 18 shown in fig.5¢.d. iven at the higher pressure
(fig. 5d) melting 1s not observed. Figure 6 ix i sehematic represer.ation of the merease in
temperinure resulting tronn the shock event. ‘There are actually three inajor contributions. the
adiabane, residual mud stram which are discussed inan earlier paper [12]. The combined
cttect ot these tactors s shown ps the line fabelled “Solid”. However. tor a porous saimple,
the temperature rise s nely ereater due o the collapse i vohmie and the resulting large
stram temperature contribution as depreted in fig 6. Additionally, the temperature inereases
with shock conpression vt an enclosed or entrapped gas m the pores. The cirapped gas has
itlerent compressibility than the mawnx metal powder and upon passage ot the shock wave

the ras rensmns behud e sndler volimme, aereater pressre ad ata hieher enerey site.



This resubs 12 a netmerease m the overal temperaure. The miemal gas pressure decreases
the "guality” of consolidation via excess wemperature resulung in localized melune arel/or
cracking ot the consolidated compacr, A1 very high nuenal gas pressures, the gas can have a
very demnmental ettect and prevea parucie 1o partcle bonding even thoueh the adiabiric
iemperature may exceed melung. ‘This resvlts trom the high intemal gas pressure preventing
particle contact.

An attempt to explain the increase in temperature resulting from shock compression of
the higher internal gas pressure can be illustrated in fig.7. Temperature protiles as a function
of time. for shocked samples involves a complex combination of events. The initial adiabatic
compression causes the temperature of all samples o rise along a sunilar path. liowever,
after passage of the shock wave the amount of residual strain. non-adiabatic gas heating and
heai of reaction cause the sample 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
iemperature is lowered. None the less. it is in this regime where many ot the observed
events of chemical and metallurgical significance oceur.

The relationship ot 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 ot heating caused by the dv: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 indivicual
particles still deform although not to complete void collapse. As the pressure i the
collapsing void reaches the shock pressure the internal gas becomes trapped. This results
in heating from a combination of local strain in the particles filling collapsing voids. and
non-adiabatic heating resulting from compresscd gas trapped in the porous monolith, Ag
the extreme where the starting internal pressure. 1s a significant fricaon of the shock
pressure, little strain is observed. Individual particles are essentially undetormec
tig.4l.5d. Intemal gas pressure vented immediately 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 etfect was observed empirically during tests.
Initially all sarnples could be handled immediately atter explosive compaction. As time
passed. the high strinn. low mtemal pressure samples warmed as heat trom the interior
reached the surtace. nithe case of low stain. high internal pressure. the samples never
becane hot. "The amount of this stram was measured nore directly by x rav dittriactuon as
shown e fig 8. The ritno of the mtensity ¢t the (2200/(200) retlections e ‘ndicauve ot
mternal parucle strimn and are plotted in tigY. The overall stran mall simiples was about
Voas measured by the clongation ot ihe sinple howers. This sunount wonld nortnally not
be detectex] by x-ray diffracvon. The mrount of detformaton in individual particles 1s ncn

ereater die o vord collapse imd can e derected. The sample with the ingbest nnernal



pressure showed essenually no ditference rrom ihe onginal siarmng powder. The sample
with the lowest internal pressure exhibited signiticant preterental texturing as a result ot
deformauon as measured by XRD. The 1vpe or texwuring produced inihe samples with low
internal pressure. high strain is similar to that observed ror mechanicaliy drawn material.
This is consistent with the cylindrical geomerry of the shock assembly.

IV. CONCLUSIONS

Consolidation is directly proportional to the imual intemal gas environment ot powder
specimens. We have observed measurable etfects with starting 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 controllcd gas environments can significantly enhance a
variety of shock consolidation processes. in particular, shock synthesis can successtully
employ these results.

REFERENCES

L. Fifth International Conterence on High Energy Rate Fabrication. Chap. 5. Denver,
CO.June 1975

19

. D. Raybould. J. Mat. Sci.. 16: 589 (1981)

3. W. H. Gourdin. /. Appl. Phys., 55: 172 (1984)

i 9%

Do Morns. J. Madl. Sci.. 17 1789 (198)

N

. R. Priimmer. Vortrae 4: 10 (1972)

-~

. John I O'Hanlon, A User's Guide to Vacun Technology, John Wiley and Sons, New
York. NY. Chap.2/3. 1980

~1

. A Roth, Vacuum Technology, North Holland Pub.. Amsterdam. Holland Chap.4, 1979

R. K. I Staudhammer and 1. E. Murr. /. of Matl. Sei. 25 2287 (1990)

K. P Staudhammer and 1. 15 Murr, Shock Waves for Industrial Applications, 1., L.
Murr ed.. Noyes Pub.. New York, 1988 p.237.

10. K. P Staudhaniner and K. AL JolmsonMetailurereal Applications of Shock Wave and
High Strawn Rate P hensnnena l.. 1 Murr, K. P. Staudhamimer and M. A, Meyers
cds.. Chap. 7. Marcel Dekker. New York, 1986 . 149,

[, K. P Staudhammer and K. A. Johnson. Proceedings of the Intesnatiz:nal Symposium on
Ry of

the Intense 1) vriamic Loading and s Fffects. 7. Zhemin and D. Jing eds.. Science Press.
Beipmge Chiniee 1986



12 K. P Sraudhamnier. Shock Compression or Congensed Munter 798950 C, Schimdt. J.
N. Johnson and I.. W. Davidson eds. Elsevier Science Pub, BV 1900 po S,

ACKNOWLEDGEMENTS

We wish to thank A. Bonner and R. Medina tor their helpful support and logistics at the
tiring site, and to A. J. Gray tor the mettallographic preparation. This work was suppornted
by the DOE under contract W-7405-ENG-36.



FIGURE CAPTIONS
FIG. ! Chemar:o I <HOck prressurre or

FIG.2 :schemasic o7 high inzernal 13 prosgurs no0x Jyste

FIG.3 Jpt:icai micrographs 2 .4 ffa shocked Jampies as a
Suncecion of a) TN 1o ra, b)) 103 ra, ) 127 fa, and d) 109 Fa
internal X» ;as pressure.

FIG.4 JOpt:ical micrographs or (.1 GPa shocked sampies Js a
Sunction of a) T X 1074 Fa, p) 2% ra, o) 127 ra, and d) 108 Fa
mnternal X gas pressure.

FIG.5 SEM hackscatter electron :images or shocked 08 Fa
internal 2 gas pressure as a ftunccion of Jd.c) .. GPa shock
pressure and b.,d) 1.2 GPa shock pressure.

FIG.6 .‘chemacic representation ¢:r temperature :increase with
pressure -or rfolid and porous materials. For porous materials
che Final “emperature 5 strongly dependent on ke loserd
noresity.

FIG.7 Jsckemat:c or temperature versus time as o ruaction of
internal ;as pressure. llustrating a maxirnum rexperature
orfect as a rfunction ot increasidg internal as pressure.

FIG.8 x-ray diffraciicn pattern or *he starsiyg powder nd
Jhocked LT oa e caaaples: conba s g e ndicateed jutornal Jus
pressure.

v o Mhe
ot room ey St shhowsrr oo i, S, *he ratio

SUOtEn MOt st rairn o tin 1 waler,

FIG. 9D Fat: « oo Sl 000 0,00) roake i b
sarernal s e

FTENY KRN LAY



FIQURE CAPTIONS
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