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EFFECT OF !NTERNAL GAS PRESSURE
ON THE SHOCK CONSOLIDATION OF
304 STAINLESS STEEL POWDERS
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[, INT170D(; {”HON”

When pow(kr III il cwnuinu is uonsoii(lti[~(i, LhCilli[idi bulk d(~nsi(y dicla[cs Ik VOIUIIIC

(“hiinpe hat is required to produce ti solid compact, “Ille wmmgement 01”Ihc pimiclcs imd the

consequent (iiswibution [~;’voids IXCWCCI1dw pmiclcs has u muior intlumce ml the

suhsqucn[ txhuvior o!’IIICpow(lcr m;lss. IIITIWconsoii(lil[ion” pmccss powder I1lUS1



undcruo ::lpl~iliclonll;l[lo!l” Jmi llIlw [1)~’lilllln;llu Ihc\I}Iti >pm”c ;II)LI I’orm s[rt)llu Ill[c’rp:lrliclc

hinds. "i"llis ]lri)c-css L)l'Llrllsl iiuJl.l()Il ;lIILlllllL'~;lnlLslc t)()Il(lill ulslc~u t)llllllcK, ll)(l is

~[rongi} dcpmiL’111 (N1 iIIli’ r(j~tliu;ll I II II CIIII(MI; II 1)1”Lll)lll[l’11[1(.)[]:[i) :g;Is III [hu VI)ILI ptk. k12Ls.

(i~s presmlcc III ii prcc(mpuc[cd s:ullplc cu.n hilvc J siynit’icw[ CII’CC[1)11Lhc(lliilll[~ (~t [he

resulting compacted monol idls. III !“dc[.culier irttcmpts I I ] to shock uonsolidittc mclul

powders using op[imurn shock pressures under atmospheric pM pressures in [he prc-

compocted powder resulted in poor consolidation wd/or trwtiomd recking of the powders.

lnitiol solutions m [ilis employed vikwum outgassing w’ uonsolidutcd monoliths 15], d.nd to

cvacu~te the inititil uomptict prior m shock ~xmsolidution. ’10 il liU~C cxumrt hill illCLh(dS

dppeared m wI.)rk, 1Iowcver, vxuum oulqu+sing d“kr ~wnsolidtilio[l did not pruvt [0 be

UXIVUIlen[or prwlicd. (]11CheOLhCrh;lnd. pre-evilcuilting. did pN)(jUC~ k-lt~r rCSU]LS id

wits though[ m he the best obtainable. “I%evilCuu[n thitt many investigittors win-c xhieving,

however. was no[ o “hitrd” vii:uum. but riither just ti red:wed internal pressure. ‘I-he residual

pressure resulting i’rorn pits trapped in t-hepores ot”[hc metal powders pmduccd vuriw.iorts in

[he results ilmi imerpretution of vacuum prepurcd spccirnfms. 111Rlct, prc-cvilcuation of

capsules conuinirrg SilnlpleS ()[ rned powders in dle size rimge ot 50 to 250 rnm :11

tipproxirni.mly 65$4 puckinp density ilCt M “virtual kks’” [() it pumping system 17,HI. 11is

exurmclv difficul[ [0 remove [he entrtippcd gases by pumping orl IIwrn, cwell I(J IIw extent of

J fcw days. rouuly obtain very low illtrxnal pressures [< 10-3 I’ii) o[hcr mrahmis such us

moderate tempcmmrc hake out umlcr vncuurn must Iw employed,

Trre el!cct nt rcsiduitl in[emui ~iis pressure (m the shock consoli(luti(m proaw wt be

dcmonstriited bv the use 0! fig, I. Irl tig, I the t Iuglmiot comprcssihil itv 0!’:1 porous rmtteriitl

is shown generirmllvm ‘Illis t luponwt curve is for u porous systcrn hil%’ingUrl “i(lCal VilCUUm’

~’nvironrnem in [hc p[wcs. ,\rlv fCSitiUill~ilS cnvir[]nnlcn[ CV(’11il[ 10-] I)il Wt)lll(l shifl [llC

rcleusc lsotropc l(WildS [hc rlqht (lower c[mlp~clion) ,:c u) dw Cf)rllprcssihili(v (}IIhc

cnt.mppc(i gils lhd[ t“ilHH(ll Icilvc [!w svslcm. ‘l”hUS’ [IIU Hugorlio[” ilS shown irl fig. I is [mlv iUl

ilpprOXIHUIIC rcprescrlullitm ;1S~)rw:lpproilUhCS Vrrv I(JWrcsiduid )!ilS prcssuws. l’rilCUCitll V,

;IS WI will ~llow WIII1 the t.xpcrlllwrl[s pert’tmlw(l Iwrc. Irsi(iu:ll pressure ilS low ;1S 10 1 i%

Ilits il prot[mrld clt’kut tm lhc Cl)nSoii(lillC(iIlmnolilh, prwfcntirlg !1111c(ms[~iiditli[m, Irl l“ilC[. ilrl

urldcrsuuldirl~ 1)1irl[crflid g:bi pressure ilrl(l ils ilL’Cillll(llill iV(! L“lftich[ or] [III U(NISoli(lillloll”

protmc’.i Ii (“sscr]ti;il ill [11(’ pr(xlllctlorl I)!” (q)llrlmlll r~l[~llt~li[hs.I Il)wrvrr. Sll(’h il[l

Ilndcrs[ml(lillu 1~lml tllllv qlpit~’:ltdc u) IIICl’[)rlst)ll~l:]tlt)ilpI-tKfSSSINII :Ils[~;Irlump (~llwr

lhirlu~, II) ~11()(.h~itllhrili.



Il. I:X1’1?R1511:X’I’.II.

Pressure S[a.rcinl!

The internal gus ervironmcnts of the sumples were produced us rollowsm

* 7X10-4 Pd- “llle 304SS powder was pliIccd ill u .104ss mk und cv:cuad [0 roughly 10-3

Pa ‘Ille system was dwn backfi IM [o ~junospherc tvith dry nlwoyn ys, ‘17:is process

IviIs rqetited 3 [imcs. “1’hesi.mlplc \~iis dwn lcfl on IIW,J:KUUI]l sys[cm for -1Lii.IyJ; with

periodic ex[emal vibrurion m increase pumping speed in IJW tine pores d’ Lhc powder. At

this point tic sample was valved off from the pumping system imd the pressure rise with

time noted. ,,\fter t“(mrdi,lys clf pumping, “vimd Icuks” from Ihe porous pow(kr were still

being observed. ‘h pressure rccor(ied was NWtic IOWCSIotmind but UNcslimtite of the

quilihriunl rcsul[in: from dlc tmpped pus. A pinch weld in u brazed copper cnd piece wtis

lllil(k! [() pllXTVC the V;lCUUII1, ‘lllc smnple WilS cxplosivclv Lxmqxlckd roughly [me hour

dttcr Iminp removed from tie pumping syswm,

* 105 I%- Were prcpud Silnilill IVto [he vticuum SJIllplC I-wh~~klilling with (Irv nitrogen

t“rolll roughly I() 3 I’:1ml pinch WCI(ILXI,

* 107 ad I OH Pa- ‘Ilw s:m]ples were plticed ill C(mlluercid .l I () stdlfllcss slccl Iligh preSSUre

tubing JINI prcmssurlml wi[h dry N~, ( ‘tmllncrci~] high prcsstlr~ vi~lvcs were used [1)

Illitllltilill in[cmnl prcwurc until cxpiosivc comp;lc[i(m. ‘IIIC (lCSl~ll 01 lhL’ ilSSCllltllV illl(lWC!l

tl\c pM\III~! Sh(wk W:IV~ to pinch OI”t’IhC ltlhit)g ilf’tcrp;Iss;lpc thmllgh th~ s;ltllpl(.. scpariltii]p

[I]c V:IIVC:lss~lllht~ ;III(IIrilvinp IIW\;IIl]plc for p{)s[ sht)Ck ;ll];llV\i\ ;III(i is \hoWIl

101. I’I)SIsh(x’k

illl;llv\l’i W:ls



[11. RESULTS ;IND DISC’1.’SSION

Shown in tig.3 ure [Iw ovcmicw cross scc[ion ilt cquiv:llcnt shock pressures 01’(),4 (;PA for

Lhcrange ot’ intemul gus pressures term 7X10-4 1’:1[lip.4uj m IOHPil (tip.11). ‘Ille bcsl

consolidation WI:ISxhievcd wi~h the “hcst v:lc[lu[n’”ut)ndi[ion t~t’7X10-4 PJ. /\L 1(15 PU ~d

I (17 1%] ( Ilg. Jb.c) [hc msulttint structure shows ICSSuonsolidi.ition. however, rcasonuhly well

compactctl regions exist within each sumplc, At IOXPO the structure is very loosely

compacted with minimid pilrti~le bonding. In fiict mitnv O! the powder pi~i~t~s were lost.

some due to rnetallographic prepariiuon. but in general most were lost ils u resul[ of shock

vcn[ing 01” tlw stirnplc holder. 1[ should he noted tlliit the stirnplc holder for [he IOHl%. N?

pressure ( tlg.~d) !lwl ir smidlcr irl[crnid tliwnctcr [ban [hose shown in t’igs..~;i-c. ‘I_lis was

necewu-y to ticcommodtitc the high intemol gas pressure. In cornpiu-ison m the shock

pressure. an internal pressure of lo~ Pu has ii significant cooling elfect upon release just after

shock wave passapc, “ITus. lhe luck of melting ut the inner core nc:rcst the MiIch stem that

was present in tig, -lh wi[h tin initial pressure of 105 Pit. [n addition. the vented gm exits

with a fiu grea[er vcloci[v irt the higher pressure ~nd has the citpabili[v m cm-y with it those

pmicles which iuc nn[ su!’flciently tinchored in the rnittrix, Swnples consolidated iIt it lower

shock pressure ot”(), I (;l);l iirc shown in !ip.4. ‘Ille quiditv ot’consolidiruorr is evident for

these series of rnicmgruphs. w well as. tlic dcprcc d’ porosity. (’hmrlv, the e!fcct of intemd

.?J~gi.tSpres!;urc is piKtiCllldrlV evident in 41’;lrld (1. whcm cons[)lidutioll WilS not ilChi2VU1. ~1

n-mrc dctuiled SIIM microsu-wturc is shown in fig,5t tfien from tig.4i. ‘Ilw regions rnitrkd

~1are Imcktlllc(! cpoxv rlliitcrid USC(; t-or the memllographic prcpuriition (}’”the Siimple$, ‘I%e

i~ctum d’ thc piwticlcs show !i[tle deformation ilnd m) rnclling d’ [he pmticlc surfaces or

I]eur irltcrst]ucs (~tthe m~rcc(~lliIpsc iis WM cvl(lcn[ ill poruons [)t’fi~,4i~, ‘IIIc [dwi[ms kk of

lncl[ing ptirtickllikrlv iIIthe p(m sites IS drown in llg.5c-d. I{vcn it[ the higher pressure

(fig,5d) rllcl[ing i~ mN (Jhwrvcd. I:ipurc () i:i ii sclwmutic rcprcscr.;iltiol~ ot”IIWIilcreiIsc in

Icmpcrilrurc rcsuilir’lp Irtl[n dw sh(xk event, ‘llwrc ;Irc XtUililV Ihrrx Illillor c[)ntrihulions. dle

;l(liilbilllC, rC$l(lUiil illl[l Strirlll which ilrt discuw,wl in ill) c;wlicr pilpCr I I 21. “1’IIC c(mlbincd

t.!t”e~t~}t’[IICW I;iclflrs I\ dNJWII :Ii [hc Iil]c I:ltwllcd “StJlid”. II(]wcvcrmI“i)ru plwous S:lrllplc.

IIIClClllpCEl[llK rlsc 1$Illlk”t! urcwrr (Itlc 11)lhc t’ollilpW Ill Vflllltllc :Ill(i [Ilc rmullinp lill~C

\tru]ll nmlpcr:]lurc cl~lltrlbutloll il\ [lcplc[lxl ill t’ig.(). :lll(Iili(Hlilllv, lhc wmperalurc iwrcucs

W’llh ~,ll[~li cx)r]qwcwl~)tl 1)1,111(’llc’ll)\cti or [’l][r’:lpl)C(l uils Ill lJIC pt)rcs. 111(’mlrruppwl g:lS llilS

~’iffcmn[ compress lhill[v [him [hL. Iililulx rnc~l p(~w(lcr and upon l)iissii~C [II’ IIIC shock wuvc

111(”l!il’11(’lll~llll\ t~”llll]~l Ill ;I ~111~111(’1’Vl]l(llll(’ . ill l’rc;llrr prrf~llrr ;111[1ill ;1 Illl!lwr rllrri!v sliltC.



“Ilis resul[s in J ncl ]m-rrwx- II] the t~vt’rdll kmpcra[urc. [Ic inwm:d g;ls pressure ~lccrcuscs

[Ile qutill[v” i>t’ L-(msolidi.mon Vl:l uxc(’~s [c’mpcrd[ure rcsullinq ill l[~dlzc(i Illclllnc iii;’1/or

‘rwking 01 [he cl~nsollh[cd Ctllnpx’[.. .\[ Jcv ili:h i]]wn):ll ~Js pressures. [hc Fds C-;mh~ve u

Itery dernmentd CII’CCLml prevei][ pwmcle m pan.iclc hmding even though tlw iu~itib:vric

temperiiture moy exceed melting. “Illis results from d-rehigh internal gu pressure preventing

pirn.icle contact.

An tittempt to explain the inuretise in [emper~ture resul[ing from shock compression ot’

[he higher internal gm pressure con Ix illusrrwed in fig.7. Temperature proti lcs ;1sfi i“una.ion

t)f time. for shocked siunples involves u complex combiniuion ofevems. The iniLid aditibwic

uom~ression u:mses Lhc [empermurc ot’all SilIllplCS [() rise ti]ong il similtir pilrh, I iowever,

~fter ptissage of the shock wave t.treamount of residual stmin. non-wliabutic gM heating and

hem of reaction cause the sample to cool tilong different paths M indicuted in tig.3, The time

scale for these events is much longer [ban tidt of the shock wuvc itself and the specimen

[empermue is lowered, .None tie INS, i[ is in this rqime where many of the observul

ev~nL~of C]~emiCJl~d [ne~l]uryiC~ signific~Ce ~~~ur,

The relationship of strain und non-wiitibwic heuticg is illustru[ivc o! this point. in the

citse of a hiud vacuum. it mormliti wirh es,sentitilly no porosity can be obtained. The post

shock temperiturc is ir result of hciuing caused by [hc di :frirrmuion of indiviciuid pilttiCies to

till the interpmicle voids. :\s [he pressure O( intcmill uapped gM in colltipsing voids

increitses. the situation chitnces. At lower s[iming internal pressures. the indivi(!uul

pitrticles s[ill deform although not to comple[e void colltipse. As the pressure il~the

colktpsing void rciwhcs the shock pressure the intcrrud gas Imomcs tripped, This r[%UIL$

in heining from it combination of h-x-titstr~in in the pw-titles tl!linp collapsing voids. id

non-adiabatic hcatinp resulting from compressed p;is uupped in the porous mmmli[h. /\t

the extreme where [he stwting imemid pressurr IS ti signitlcun[ trmxion [)1’the shock

pressure. little strain is observed. lnrlividwd pirrtidlcs me essentiidly undctormcd

tlg.4d.5d. Internal gits pressure vented irnmediwelv uf[er pusstige of rhe. shock wuvc since

I1OClosed pOCiiCL% tlilVC follll(d. “Illc rilpid drop in pressure rCSUIL$ irl Im)dcst U()()llllp ot [hc

sample below the stming conditions, “Illis ct’feel WilS Observed Clllpiricilllv (Iming lcsb.

lnitiilllV irll sumplcs could h! hiuldlcd imnmliwely iltlCr cxplosivr c(mlpilcli(m. As lime

]lilSSC(l, [Iw high s[ruin, li~w In[cmirl pressure silrllplcs wilrrllcd ;1s hc;lt t“r(vn [Iw irllcrior

rrilchcd [tic surt’:lcc. Ill [hc c;lsc of low %t;lil]. hipll intcrnul prrssurc. [hc Sillllplc.s Iwvrr

twcnruc 1111[.“1’IIC Ullloufll 01 this Mr;llll WilS llw;l~tirc(l lll~)rc (lir~cllv Iy K ruv (Iitfrn($[loll M

ih[wfl III f’ig. tl. “I”IIC r:ltlo 01 IIlc inknsl[y II! Itlc ( 220)/( 200)” rrt lc~hli(~lls ;lrc ‘rl(liC;l[iVr [)t’

ill[em:ll P;UIICIC \lrillll iln(l il~ Pl[)[t(?(! in ti~.(). “1’IICovCElll StGllll ill ;111snrllplcs \V:iS ill)olll

i’ ; ;Ih IIw;rsmcd I)v lhc rlorlp;l[loll” t)l IIlc \JIIIplC lIOkl CIs, I“llih illllolllll Wi)lll(l Il[mmlllv mu

Iw dctcclaj by x-rilV [Iiffrilctm[l. “I”IIC :Hll[)illlt 01 (lcfomumor] 111individual l)iir[ICICS Is rlmcil

\!rCillc’r l~llc [() vI)l(l c~)ll;ll)w” ;111[1c;lll IN. [1[.w(’lr(i, “1’lw N;llllplr \bllll IIw llivhc~l Ill[w.ll;ll



pressure Wmvcd esscnt]dly fl(~~iil”fcrcnccI“r[ml[m t)rigin~l MJIKIII: pmv(lcr. “l-k swnple

with Lhc Itlwrs[ Inmnul pressure cKhibi[cLi siunillc~t pret’crcntial wwuring Us d rcsu][ Ot’

~ieform:l[mn us nwwwrcd by .X RD. “I”hc [J’pe oI” [cx[uring prmiucd in I hc samples with low

internal pressure. high sr.min is similw m that observed ~or mechanicid!v drawn material.

This is consis[mr wirh the cylindrical gcoineu-y or’the shock assembly,

IV, CONCLUSIONS

Consolidittion is directly pmportiomd to [hc initial in[emal gas environment O( powder

specimens, We have observed meusuriible et’feu,, wilh sm,t-tinggas 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 ~.~J}lfr[J//fyf gas environ~,en[s Cm significantly enhance a

variety of shock consolidation processes, in pw-ticu]ar, shock synthesis can successfully

employ these results.
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FIGURE CAPTIONS

FIG. 5 SEV hckscat ter P1ectxon imaqes (’r s.%ckai 10H Fa
internal %; gas pressure J~ a tunczian of G, c) i;. 1 GPa shock
pressure ,ma b, d) 0.2 GPa shock pressure.
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GAS PRESSURE SYSTEM

AUTOCLAVE
HP VALVE @

1=7



,, /.’”:. ,.

~~ -’-.’” ““’,”- ;’.,-
/’-” ‘ “%”‘“ .-:: \

\

,/: ,“, ”’:.- “:,-:’.,’? ,; , .
A ., .. .-

. . “t.,.
,,,

~,. . t ---,
r. ,, -,,

. . *

,.
,. .

:T. -

.
,., ,

,, 4 .

>

-%-.

*“
f.

.-

1

1
.’T.

b
-1’-, -.

-. ,“, , ,,“,. -..’ .

d



\





T vs P of Solid and
Porous Samples
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Temperature vs Time as a

Function of Internal Gas

Pressure

Increasing iniernal
gas pressure

I maximum

1

I
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high gas pressure

Time
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