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!L)vc,  vievv

This is the first annual report of the Chenlistry Ck called the Chemistry Group, the Chemistry 19ivision, the
Materials Science (C&MS) Departmen t. The principal Claumistry Departnaent, and, since1973, the Claernistry &
purpose of this report is tc, provide a concise summary of lVlaterial,_ Science Department, Until 1985, the chief exec-
c_ur scientific and technicalacconaplislaments for fiscal utive was called the Department Head, and he reported
years 1c_88and lc)80. The report is also intended tt_ to Laboratory management through an Asse)elate
become part of the archival record of the Department's 19irector whose responsibilities typically included other
activities. We plan to publish future editions annually, areas, such as computing, in addition to chemistry.

As a disciplinary clepartn,ent of l_awrence Livermore In April 1085, Christophe.'r Gatrousis wa,_ named
National Laboratory (LLNI_), the mission of the C&M_ Associate IDirecl.or for Chemistry & Materials Science,
Departmc, nt is to provide scientific and technical exper- He reports to the Director of the Laboratory.
tise at:td leadership in the chernical and materials sri- Figure I shows the current organizational structure of
ences in support of the Laboratory s many programs, the (_&M_ Departrne_t. Activities that span tlle Depart-
In accomplishi'ng this mission, the Department seeks to merit spectrum, such as administration, research, quality
advance the frontiers of science, develop a qualified . assurance and safety, liaison with the Weapons Program,
ilhd responsive scientific and technical staff, be irmo\,a- tlnd operati0::_ of critical facilities are placed in the

-), ¢live in advancing technologies with end applications, Associate I_u'ectc)r s ifffice. Operational activities arc'
and expand its interactions with scientists in universi-

ties, gtwernmen! laboratories, and industry. Figure 1. Organizational structure of the C&MS

'Fhe activities cff the Department can be divided into Department,
three broad categories. First, C&MS staff are assigned

by the matrix system to work directly in a program. Associi_te Director ]
These prog, ranuruatic assignments typically involve Chemistry & MaterialsScience]short deadlines and critical time schedules. A second '

category is longer-term research and development in c. c,ttr(,ttsif;
teclanologies importalat to Laboratory programs, The

fOCUSand ciirection of tllis techltology-base work are l),.,putvAsst..iate I)irt,ctor _ _ [)uputy AssociateDirector

,generally determined by programmatic needs. Finally, t:t,,. Research - for Administration

the Departmelat manages its own research program, T. "l',S._,iha,.,t 1.,l., S,qr.,.rra
mostly long-range in outlook and basic in orientation.
These three categories arenot mutually exclLlsive but I

l:orm a continuum of technical activities. Representative ] lOepuly Associate Direclor Assistant Associate Director
t,xarnples of all three are included in this report. ], ft)r ()peratitms &Asstlrflnces for Rest'urces

TIu_'principal subject matter of this report has been [ t". ]. A('k('rmml (Acli,.,¢) 10. L. l,,('lH'tj:;
divided into six sections: I

l, lmtovations in Analysis and Characterization I I

2. Advanced Materials Critical FacilityManagers I ] Assistant/\ssociateDirector

3, Metallurgical Science and Technology Building "_31,M./-. Si,,41('hm |for Weap()nsl'rogramSupport

4. Surfaces and Interfaces Building 332, A. ]. Toy t ]. R. Kolb
5. Energetic Materials and Chemical Synthesis

6. Energy-Related Research and DevelopmL, nt [ ] _
Tl_ese six sections reflect the range of C&MS research

and devele)lgment interests. The articles in the sortie)ns Chemical Sciences Materials C(mdenst,d Matter
describe projects for w,hicla results were obtained in FY Division l)ivisi,.,n atm AnalyticalSeielices Division

1988 and FY 1989. Section 7 lists 13epartnlent personnel
], II. Richm'ds(uI ], N, Kass M, ]. I'hl',;s

along with publications, -_ 's,Frc.,entations, and patents. A
list of universities and other organizations with which ligh ExphMves Ct,ramies and Analytical Cht,mistry

the C&MS Department collaborates is als() included. Technology ('(,mp(,sitt_ Materials
l"rilium and I lydrMes C()rrtM(m ("haraclt,rization

Finally, C.&M.. budget infornaatit.)rl is given in Soc. 8. PhysicalClwmislry I"lwsicalMt,talh..'gy, (.'t}lldelast,dMatter
('ht'mical l'ingineering ltfining, and

The C&MS Department P,,lvn,,,,.._ Coating
l'hfl(,nium

Chemistry as a discipline has beel_ identified by a septa- 'l"ec'hn(,h,gy
, Metals I'rt_ct,ssing

rate, organizati(.m since the begi_ming of the Laboratory
in 1952. At various times, the (,'ganization has been

_,ii



assigned tc, tilt, lhree di\'isit,_s: lilt. L'hc'n_ic,alSciences WSR. I"tlllds Ii,' WSI< ,ire .lllt,c,aied tt_Lilt, I )ei_.lrll_x,lll Iw
l)i,,,isit_la,Condensed Matter al_d Ar_al,,'tical Scierwt's lhr, I)irvct_,' _t tht. I.al_t_r,lt_r\,. I1_I"Y luHHa.._l I;".' luHU,
l)ivisic, n, and Materials 19Msiun. The persc.,nnel assigned WSR fundilag ft,r the L'&M!:; 1)epartmetat ,was $(-,H4()Kand
to each division are listed in Sec.7 td this n.,port. $__c)4c_K.,respectively. The purpt_se ot: WSR is tt_pru\'ide

On September 30, 1989, thc' Department consisted of the scientific and technical base that is requin.,d in the
402 persons (head count, corresptmding to 3(_(II:'I'E). longer term ft.' the success of the WeaDms I'rogram.
Of these, otY;4,wcwe profession¢lls, 2!)% were tecl_nicians In the L,&MS I)epartment, resources are allocated
anti in crafts, and, 11%were administrative and ch.,rit'al. ' principally to bloCk-funded programs ("thrust art,as")
Of the 240 professionals, 53% were chemists, 21% engi- and t_,projects h.,dby individual investigators. Sterne of
ricers, 14';;,metallurgists, and 12')_,physicists. More r the WSR fundsare also ust!d to provide discretiol_arv
than 6()_)I,()f the professionals hold a I'h.D. degree,. The resources for l.)ivisit)n I,eaders. A thrust area is expect-
Department currently has 13 postdocLoi'al associates, ed to pr(wide a c(xwdinated approach tr)a toctlsc,d scien-
and lt_ grad uate studertts are conducting their thesis tific or teclln(dt)gical area. Several seniur scientists are
research under the guidance of C&MS staff, typically involved, and the pro u,ram is expected t_ last

' several years. Individual projects result from prt_posals
Funding and Budgets by a principal investigator and are generally limited in

scope and duration. "i_hethrust areas and projects active
Fur_ding ot: the C&M5 lgepartnwnt comes in twt'_ forms, in FY 1988 and I:;Y19H_:)are listed in Sec. H (TaNe 2),,

In the first, dollars are allocated to the l_-)epartment for Many of the results described in this annual repc.'t were
Specific purposes: direct programs, distributed services, obtained as part of a thrust area, but this relationship
and indirect activities. Direct p,.'ogranls are tliose over has not been explicitly cited.
which the Department has jurisdiction, such as specific In the case, of both thrust areas and individual pro-
projects in Weapons Supporting Research, Departmental jects, the principal criteria for their selection are the
and l_aboratorv ,lnstitutiorlal Researcll and Development, quality of the proposed science and thf qualifications t_t:
DOE/Basic Energy Sciences, and the Department of the inv_,siigators, l._elevance tu the mission of the
Defense and other federal agencit:,s. Distributed services Weapons f'rogram is also an imp!_rtant consideration.
are those that the Departn'_ent provides the l_aboratory in All WSR projects a're reviewed internally at least twice a
lnal_aging and operating the l'lutonium Facility and the year and by an external review conamittee at appn_xi-
Tritium Facilitv. Indirect activities include general mately 18-month intervals.
19epartmer_tal administration and the maintenance of

buildings for which the Department has responsibility. In IR&D. At the l_aboratory level, IR&D is administered
f;Y 1080, funding was $13.7 naillkw_ for direct programs, by a special assistant to the l)irector. Funding is divided
$¢._.c_million for distributed services, and $11.8 rnillkw_ for among three general categories: a lt.imp-sum allocation
indirect activities, for a total of $32.4 million, to a department ("l.)epartmental IR&l)"), a Direct_."._;

The sectu_d category Of Departmental support is in Initiative, and a l_aboratory-wide cornpetiti;_,: amt?ag
the form of rnanpowei allocati¢)ns rather than dollars, proposals from individual investigators ("1 ,aboratory
For example, Defense Systems allocated 1(/7.6 FTE to IR&D"). The general purpose of lR&I) is to broaden the
the C&MS Department in FY 1989 to support various exploratory research base t_f the i,aboratt,'y by ful_dir_g
projects, and the Laser I'ro,u.ram allocated 48;9 FTE. forefront science and techmHogy in fields related to the
l"lw numl.-,er allocated t-, the Department from ali Laboratory's defense and energy missit_ns.
sources totaled 255.9 FTE. The dollar equivalent of In the C&MS Departnaent, the lump sum is divided
255.9 F'"Ft!_is about $39 million. Tl_us the tt>tal dollar arnon_., projects that ernpl_asize new ideas, new c_w_-
budget of the Departrner_t in FY 1u89 was the equiva- c.pts, or new experirnental devices t_r methods. One t_l:
lent _t: about $71 million. IOetails of the budget are the l.)epartment's programs, in spin Fx!larizatior_ t_t 1)T,
given in Sec. 8. qualified as a l_)irc,ctt."s Initiative. Several individual

projects conapeted successfully for I,aboratory lR&l)

Research and Development support. I'n_jects activ,.' in I:Y IC,_HSand I:Y IC?Hc)are
listed in Sec. 8 Cl'able 3).

Since this annual report is concerned mostly with t}ur

research and development activities, it may be useful in State of the Department
this, our first alanual report, to describe the ctu_text in
which these activities arc carried trot and how thev ,art, A stlbstantiaJ ptwtion tri the C&MS l)epartnle,lit's discre-
t_r'ganized and administered. Tlw major sources t_t dis- tionary res_urcc,s is concentrated in art,as t_l rec_gnizecl

cretiunary funds for basic research art. Weapt_ns prit.ity with a focus tt_warct ft_lfillirG the llaboratorv's
Supporting Research (WSR) and Institutit_nal I,:esearch mission. As an equal pritwity, we attempt t_ maintair_ a
and Ii)evelopment (IR&D). flexibility that enctmrages adventun._s m.w clirt,c(i_._s

with a Fx}tential vc't tt_ be rc,ctGnized, Incteed, many tri

_,iii
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the' I)t,l._ai'lnlt,ill"._ nlt_l l,ir--rt,acllilll., , clc,v(,lt_l-,mc,ill,., b(,ll_ l,al_(mltxlrv, rt,c(,nllv li_t,cl tllis newly iilvt,nh,tl mellllld

in c/Into!pl ,llltt ,lt_l.qic,l{i_lil, h,lvc, cl_int' frlllll tlijC,xl._c.,clc,cl i(I achil,ve<l tlilitltiC, hi_l/.-rt,sc_itlli(lll illl,l_t, (ff lhc, I)NA

clil't,t'titlris. l'htl.%.<li_ c,s._c,illi,II ulcnllc,rit cii tltii ._cientilii-' llltllc,C'tllt,, (){11' L,i(li(,/Ai._i_ ,inel illalt,r ii _ ,<-',cic,lllisl_(ii't'

missic>ll is the Stil._p(u't of creative scit, nLisl_ wlio deciclt' c(mtinuing this w(u'k by devt, h_ping rnc,th(_d_ f(Ir

indc,t:_c,lldelatly whert, tilt., best pi'_>._pt,cts lie t:or accitiirij/g "tying" ITItllt,ctllt,s tri ',;llrfact,$ tO at_lnlically imagt, their

significant new km_wledgt,, Wt, describe ii few exanl[Hc, s fullcli(inal _rt)tl]gs. This wlll'k pl'(lllli,'4L'S [(I c(inirtbtltc' t(i

here tj'anl the ctirrc'l_tly i't,ct>_ilizt_d prillritv fronlit,rsas , the ._tlC't'c'SStfr tint' (ii" the _ranct ._c.h,ntific challc, n_c,._til
well as frtllll tilt, l]t,w aVt, lll..it,,,-.;(ltir ()]: which ftlttlrt., tilt, Ct)lllill_ dC#CaL|t",the Illa]3l._Jll_2, (,f the htllllall _t'll()lllt',

pri(irity lists will b_' drawn. I'(liynler ancl physical' chc,lni,_ts ill the (i&'Mf-;

New materials, new pr(icc;ssin_ teclln(dt_ies, and !)eF_,lrtn_t, nl art! wtll'ld leaders i'n the ,_tticly ifr aer(igels,
nt,w coi_cepts ltir nlanipulating i_latL,i'iais ,-II the at(relic They have illventc, d a no,w, rigid, iil(irganic illaterhl]

level arc, ali critical to tilt, l..abt_i',ltory's t:tlttirt, pl'tl_raillS whost., low density aF_l.,rt_achc,s that tfr all', Tili._ silica

l,', ' ) ' ##anti ttl this llatitHl's ctlnlpetitivc, lleSS anti national st,etl- at,rogt!l, til' trr zt,i1 Slll(}kt.', pr(iviclt,s t,xtratlrclillar7I stir;

ritk A v.ital gtlal tri (ltir rt,sc,ilrch is tri design, sylHhe- face arua ill a ,'-;lllail vt)lLIrnO al, ILl will li-,ad to ()[9p()rltlll i-

sizc, anti fabricate,, in high yiuld, nuw materials with ties in a wide variety tfr applicatk,ls, includin_ as a

i_r(ipt,ltie_. . Ill<li can be, t:,rl.,dictecl, varied, an_t':c(mtrt/lled, cataiv._tnLlbslrate,... a new inscilating matc!rial, and a dis-

Achieving this goal is (lt:tun all empirical pl'(ict,ss,'t_Ll{ pc!i'Sill_ lllC!ditllll ltir at(imicaliy t:inc' ptlwders, _inc'L' its
the research is nlost effective when thl., sir(lc{ttr(, allLt allnt'ltlllCt, nlc,n[, I_,I.,NL scientists i_avt, received htlnctred,,_

._tability of nlateri,lis art!known well t!lltltl_ll tm lilt, t_f rt_'qLIt,,'4tSt:i'(llll c(dleaguc.'s and incitlstry l:(ir sanll._lL,s cii

atomic allot nltllt_ctila.r Scale h', predict their nlacr(!sclq:,ic this c!×trat)rdinary nlaterial,

physical pr(iperties. Alth(>ugh single-c(_n_i._(mt!nt cr.$,s- 'l"he C&M5 l)epartmenl has traditi_.lnally pr(ividt,d

talline solids renlain an acttv0 subiect of study, (>til" tilt: scientific ani-t tt,chnical expertise f(ir dl.'vc'l(q_ing anFt

i-'n_phasis is shit:ting tr)ward IYl()rlz' C()lllF'llUX materials utilixing high-t,xph_sive materials, ()l_lr t!mphasis has

and systems', inip(_rlant t'xanl.plt, s art? stlrPaces, intt!r- always been ()11safety, allct tilt; invuntil)n ()f insensitive

faces, tilth films, ._tibmicrtwi <_trtlctLIru.% and ._ystemS high explt_sives has nm,v mad(, err, n. 1_i/41_erlt,veis (_t"

with intricatc,l_licl'(lstrtlcttlri-,s, Ctlnlple× nlaterials with saft,tv possible. A {LlllLtall]t:'lltal Llnc.il_,rstalldill_ of the

artificial periodic .,.,trtlCttlrc, s fabricated by nlultilayc, r atonlistic details tfr tl_e expk,sivt, pr(_cl_,ss is (li:

dt, pllsition teclln(>it_gy are thu basis f(ir unique "<-ray t_aram(iLInt imp(wtance because this pr(icess is afft,ctt, d

(_piics'. mitr(Irs, dift:rac'titm/2,raiillgS, and x-ray nlicrtl- ilt)t only by stored chc, mical ('ilergy but also by crystal

sc()pc,s. The t:l.lttlre for Stlch at(.)lnically i.!ngillt.!t,rt'c] strtlcture, defects, and i_,lectr(in transt:_()rt, By utilixing

matt,rials---ii_ which spucific atomic, electr(mic, .llla_llut- x-ray nlicr(it(mltl_raphy, nit>titling, and new patils (_1

ic:, lit" mi-,chanical propei.'tic, s mi_i_t 'bi_,achieved--will sy,lthesis, nc:w phi-,n(inlc;,na are sltlwly being uncllverecl,

LIItinl<ltt'lv dc,pr, nal (iii our Llnt.il_,rstalldin_._ (ii the t:tlllda- and a ftlllt;iamenta] Llndt_'rstandin_, lit: insensitivity is
rho,nta] physics and cllt,nlistry (if tilt, nltlitilaver inter- within tlLlr _l'asp.

fact, itself. The ctevel(lpnlerlt (ii: llew bicrystal synthesis Arn(ing the services wt_, pr(r_,ide tc) til(.,l_ab(lrat(lry is'

nlethtlds will .,-;()l)npc, rrnit us t(i nl()ru fully .Llnderstani-I the (iperation t)f the l'itit(IniLInl ant;t Tritit.irn F;aciiitie._,

lint, (>t tilt! ni(isr t.lbiqLllt(/us interfaces, the grain bt)Lincl- l;k,sides utilizing these facilitius it., pr(_vide direct sup-

<1%,,irt)nl which many nla[L, ria]s derive their 111acr()- port services t(I I,I.,NI. pr()gra111s, l)t.,t)artnlt_,llt scientists.

sc(ipic pr(ipertit!s, carry ()ut Llnti.,-;tlal research ()1:illl]__(irtanct! tr)t:Ll[tlrt! l.,ab-

N(it ()nly art, these nlateria]s no,w, but st) are thc, tech- (irat()ry pr(l_i'alll,,;, The t;trc;,alll (ff c'(intr()lled fusion is

niclties used t(i c,xanlinL, tilt!ni, 5yl_chr(/tr()n-based x-ray bein_ br(lu_ht ch>s(:r t(i reality by cht'nlists alld pl%_i-
st>t.Irce._ have led to new ._pc,ct:r(_scc_pies, including cists w ho al'c,devt, ic,pin_ sc'llt_llll_'s tl> pi'lid tic() a "._tlt,t'r"
exic, ndt,d ×-ray al)s(Iirption fine strLicttlrt! (XAI',.), f(_r ftlsi()n I)T fuel in which the spins (if ii'lt iri ii are t:,(l!,lr-

m(mittlrin_ intt!rfacial chc!nlistry as sill_lc: at(inlic ]ayL, r,'-; i/.t.,tJ. This new c(indt!nsc,ct s{ati-, (if nlattt!r is being alert,I-
art, dep(isited. 'l'ilc, ctlLit._ling (if characterization nleth- (iped tlsin_ high nla_netic fields anct cry(igenics,

(icl s t(_ the fabrica ti(ln pr!loess permits con tr(li (if the The clisc(wery tfr h i_ll-tenl pera tu ft, .'-;LIpert(rod t.lcti vity
r<,sL1]tant t_rtlctuct arid the taii(irin_ of nla{L!rial ]._i'llpc!i'- has c.halh_,ngt,d (ltir tinderstandin_ (if the ftindanlc, ntal

ties t(i spc,cific phy._ical ruclLlirernents fllr fLIndanlent,-iI asF,t,cis t)f eietir(m del(_calixati(in and elc,ctr(m-e]ectr(in

studies (ii" practical applicati(ms, c(irrelati(in, The I)t, partnlt, l_t is lc!ading a I,aborat(u'y-
Wt, arc, devt,liH:_ing a vast array (ff nc,w diagnostic widu t.frf(irt til cilaracterixe tilt, t,]t.,c'tr(in s[rtlcttlrt, llf the

t(l(lls tllat can pl'_lbe pl_ysical and chenlical pr(ipt, l'tios till (_'.LI-(;)SUpt,rCtlllt._tlct(Ir, [(i i-tisc(_vur the Illt!C]lalliSl"ll I)['

an a{(imic scale. The sCallnillL_ tLinnt![ing nlicr()sc()pe c()rrc,lati(m, ani-t It)idt, nlify critical lt,chn()h)gical inlpli-

(STM) is (lilt, (if (ltir illstrtllll(.!lltS tllat has acllit, ved at(ml- catkins til illlpllr!.allCt' [(i the I_,ab(iratory's nati(mal st,ct.i-

tc' res(liuti(m f(ir the first tinle, A teanl til I.,I_NL rit'y nlissi(}n.._tr(Ing c(ll]ab(:.rati(ins with the Univt, rsity
c:'il(.'llli._tsj nlatt, rial_ _cientists, and bi(lh>tAts(s, ailing with _H(ialif(irnia faculties and with sister iabllrat(iries liar(,

a t._1"(1LIp(If stir{act! ,scientists [r(i,111Lawrc.,ncu I_L'rkeley



cllarnc-tc,viz_,d tht, intt, r,lcti_,l t_f thi_ t,fflwt _rVilh tnt, _lt.it- thi_ ,,.]iVt'l'!_ilV, tllt'l't' i_ t c_tl_icl_,r,l[_lt, il_tt,r,lt'tit_n ill_cl t't_l.-

'_ _iclt., _c'ientific c'_wnmtlnity. I,lb,_n_ti_n t,eiwt,t'n rlu.,mbt,rs t_l difft,rt, llt gl'_tlt_. I,'c_1'

:l"he Ilisb, wical _,:11._bt,twt,c, rl n ttlr_d,lnlt,rltn] tlm.lfr- t,×,ln_plt,, iilc, tl_t,_ td ,l_l,_lviic,ll in_trtlmt,ilt_ ,lnd tt,t'l'_..

standing of simple systems nnd l_,racticnl nl__t__licationst0 nicltlC,s sucli ns synchrt_trt_n nldintit_n _r mit:roi_r_bt,

conlplc, x mnti_,rials is llarrowing, nrld in ,qtlllaC,Cil.'qc,s, it is i}nnlysis t_raia.'-;C'ellCtdiscitglinary boundarit, s, nllct frc!-
I._tqn/qbridged b.v tilt, inc'rensilll4 cnt;>nbility t,f the,orr icl ClUently ht, lp tt_tri'tait, truilt;ul init,l'disciplilailry rt_,senrch,

deal with nlol'#c,ct_naplex nlnterinls nnd pht, ntllllC, llil, In Alst>, tile l)c, pnrtmc, ni _tl'tillgly t,nct/tll'ilgt, s theist'isis and

lhc ai'ca of "alloy dc'slgn,i"otlr theorists are ill the ft_rc,- experinlc, ntalists til work till ii if snme prtlblems, "l'his
l:l'()llt in doveloping llt,%v t:ormalisnas thilt dc,hl with sys- npproach has tilt, t_bvitlt.ls bt, nc,t'it of kc,c,ping til.iF t.ht't_-

It,IiaS tit: low pt, ritldicitv, .<-;tichas.gl'ilin boundnric, s, _ind re[itTial t,fft)i'ts within iht_,st:opt, of tilt, progralllnli.ltic

with lhc, role til: sht)l'l-i'ongt., ctlrrelniitln,,4 and dvnanlical _ goals, lt al._t_ has i:he desirilblt, c,flt, ct t_f inc'rc,asing Otll'

l__rtlpc,rties iri phase sl ability, This effort is ctlllcc, nl;l'_l{C,ct dc,pih tit: tlndtwstallding bt,yt>nct thai ;iCtluirc, d li'cilia

t_ll lhc, design tit: nc,w alloys with specific nnd prc,dictable experimentntion nlonl,;,

prr>pc, rCit,s, Stlch _lsa Si.lpc)rior cln_;s tit' lnateritlls that n-,_,t:l "r'lac,t_vt)ltltitln tit: new techntHtlgic, s and dc,vices will

tilt, dc,l.l.ldndin<,d,rc,t|t.lirc, naellt<'-;for safe c_t)lltai11111t.,lltof cit,pc,nal for ii_ _tlcce_s mainly tlpOll tilt, c't_rre,qi;_olldill[2,

wt,,.lp()nH rn;:ttelqals ii'l iilc, t,VOllt {lr nirci'nft [tlt}l fif't_,s, inVelltlVc'nt,.<_s nile! disctwt, rios of chemi,_ts and mnt:c,rial_4

lt is clear frtlila the fort,gt)ilig dist.'tlssion thai the scientists, Wt' are c(Intinuing tri btiild ali .(lrgnni:/,_lti(irl

rt,.<_t_,archct_nctuclc, d in tilt, C&MS I.aelgartmeiat ilacltldes of scientists and etluipmei_t thai will mc,t.,t lhc, ft.lttlrc,

n widt, vnrit, l y of scientific disciplines, ranging from needs of ali I_IJNI_ progranls,

orgnnic chemistry to physical ml.,.tallurgy, In s.l._ite t/t:



'Tile research progranls in tile C&MS Department The miorphology of DNA was clearly seen fl,}rtill'
have specialized requirements for analysis and materi- first time by STM. This research demonstrates that
als chavacterizatil,.l. Although 19epartmental activities STM is both relatively simple ill operatit.1 and h}w in
are emphasized in the folh}wing pages, tile Department cost. lt provides resoltltion beyond that tfr conventional

provides this function for the entire Laboratory. A list _.qectron microsct_py decoratiion techniques for biologi-
t_f tile tools and nwthods available includes electron cal molecules.

and optical naicrl,_scopy, mechanical-properties mea- The C&MS Department corlducts research into almost
surements, particle-size and porosity determinations, every aspect of the chenlical and physical properties of
electron- and ion-beam rnicrl,_probe analysis, x-ray crys- high explosives. Our developrnent l,ffadvanced analyti-

tallography, and differential thermal analysis. Diagnos- cal techniques allows us to positively identify the nature
tic imaging naethods range in resolving powel" from the of the parel :t explosive frt}lal minute amounts of detona-
'nanometer level of scanning tunneling microscopy tion products. The cnt,,thod re,ported here links on-line
(STM) to the micrometer scale of x-ray tornography, gas chrt)matt_graphy with rnass spectrl,},;copy. These

In addition to using well establM_ed rnethods for tools can also be cornbined with therrnal-energy analysis
analysis and characterization, we engage in research for the identification of nitrogen-containing compounds.
and development to solve ur_usttal/or nonrec(trrent Finally, we report on l,'_ursuccess in producing a mill-
problems. C)ur efforts at addressing st|cb problems are tilayer substrate that serves as tile optics (effectively, a
described ill this section, lens) for a pseudo-Cassegrain telescope. The substrate

While most equipment is purcllased or constructed in- was produced by sputtering. Other items rnade in tllis
house with programmatic goals in rnind, it.is also chosen manner were multilayer diffraction gratings that can be
to suit tile research activities of the C&MS division in taik}red to operate in tile x-ray, soft-x-ray, and extreme
which it resides. New techniques and apparatus art, ultraviolet regions. All these developments have
selected to match the skills and interests of their l,}perators, important implications f/oi"solar system astrl,)physics.

ensuring competent handling and innov_,tive application. The C&MS Department has nlade recent progress in
This equipment and the as'sociated scientists ultirnatdy areas not described in this secti'on. We improved our
become a resl,)urce available to tile entire l_aboratory, electron nlicroscopy by installing a brighter electron

source and a high-resoltltit)r_ electrl,)n-energy-loss
17Innovations spectrometer (LIA_S), for tile determination of low,-Z

elenlents. A ph!otl,wlectron spectrosctq;_e became opera-

The C&M_ Department llas a substantial prr}gram ill ti!onal and is being used for tile band nlapping ot: large
which a brt_ad spectrtlm of sl,Hid state structures is untwinned crystals of superconducting YBa2Ctl3()7_ x,
investigatec_ with synchrotron-prl,)duced x rays. The Wt, expanded our XAFS capability so that now we can

importance t}l'short-range atf,relic l,)rder on the bulk perform time-resolved analyses of solid state reactions,
phys!cal prloperties t}f solids is bec/oming increasingly which ,,viii lead to an understanding c)f their kinetics.
apparent, and synchrotrl,}n radiation is ideally suited to We al,.;o improved the resl,',lutil,)n ()f l,)ur STM nearly
the study of this phenl,_menl,)n. Wt.,have also used syn- five-fl,)ld, acllieving atomic resl,duti(m ()n the scale tfr
chrl,)trl,_n radiati(}n tl,)elttcidate tile complex crystal organic mc)lecules.
structure l,)fdoped beta-bl,)rlon by bf}rh x-ray absl,)rption The laser chemistry program began an investigati!on
fi_e strtlc'hlr_.. (XAFS) measurementsand x-ray absorp- of the decl,)mpc}sitil,_n l,ffadsorbed layers of higll explt)-
til,,l near t,clge structure (XANES) lneasLIrements. The six,es induced by an innl,wative_shock tt.chnitlue. The
National Syncllrt_tron IAgllt St_urce at lh'ol,)khaven shock waves |ll,Honly induce the decl,}mpl,Mtit}n re,_c-
Natit_nal !_,abl,)ratory was tilt, sl,}Llrceof tilt, x rays. In tion but also expel the products frl,}m tilt, surface, wllere

l,}ther research, we used a Stanford Synchrotron they are Characterized by spectr_.}sCO'pic analysis.
Radiaticm I..abc}ratl,}ry beamline to develop an x-ray We als(_ studied the plal,}tc}disstwiatil,}n l,}f112() by
tl,_mographic technique with a I'es(Hution of 5 !Ltnl. This laser light by using spectrl,}metric nletht}ds tl,_cit,ttr-
new naeth_}d will pnwe extremely ust,ful fl,." delineat- Ill!III..'the relative c_}ncentratic.as l,)f tilt' varil,}tls excited
ing strLtctural details in a variety c)f btlik materials and states l,_fthe dissl,wiatit.1 prl,)dtlcts, q'his inf{_rmatic}n is
ir_tl,.,rfacl,rs. Until nl,}w, tl,.al_graphy has lacked tile nec- pertinent tr} sl,_nae_}t thf p|'l,H._lt,nlSarising frl,_lalthe tx)nl-
essary rl,,s{dutil,}n, while t,lectrt_n l,)ptic:al metlu)ds busli(}|a (ff f(}ssil ft_els and tilt, meclaanisms (_fchemical

lacked sufficient penetratil,}|l, expl_sive det_natiion.
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State- and Bond-Select: ve Laser' (..1enli:• s ry,,

A fllll understanding of the properties and behavior ofhighl 9 ,
energized molecules is important to a number of industrial pro-
cesses and technologies. These include the production and com-
bustion of fossil fuels and the development of safer and more
efficient high explosives. We are developing and applying new
laser techniques that stimulate and interrogate high-energy
chemical transformations. In this study, we are exploring the
state-to-state photodissociation of H20 from highly excited
vibrational states and have demonstrated the feasibility of a
new and promising approach to bond-selective chemistmy.

Introduction to energize molecules and to interrogate the subsequent
molecular dynamics by multiphoton excitation tlp the

A proper description of the structure and dynamics of vibrational quantum ladder a step at a time ob more
',-ighly energized molecules forms the basis for under- recently, by single-photon excitation directly to vibra-
standing and controlling a number of important energy tional overtone states.

technologies, including fossil fuel production ancl the Direct overtone transitions (up to Ag, = 7) ;art, seen in
combustion and development of safer, more efficient molecules having X-H bonds (X = carbon, nitrogen, or

explosives. Lasers have been used in a variety of ways oxygen), and apparently the energy is localized in a sin-
gle X-H bond for an observable period of time behwe it

Figure 1. Potential energy surfaces for the two lowest migrates into the other available energy states of the
electronic states of water, showing the two- molecule. 1 This observation offers a possible means of

step photodissociation process leading to the selective breaking of achieving bond-selective chemistry throul.,;h capturing
the O-H bond. A visible laser near 592 nm selects a single rotation-
al level from the vOH = 5 vibrational state. A second laser pulse the localized bond energy before it dissipates. We are
selectively promotes the vibrationally excited bond to a dissocia- researching a promising technique to acconaplish this.
tire electronic state, leading to state- and bond-selective chemistry. A laser excites the molecule into a single vibrational

overtone state of the electronic ground state that has a

large component of X--H stretching mc_tion. 2 We then fol-

_ ..__ low this bond "priming" step with a second laser pulse to

break that same bond before the localized excitation dissi-

pates into the other vibrational degrees of freedom of the

,. molecules. The large bond extension gives this second
\ .- threshold photon access to a dissociative potential surface

, OD(A) +_ away from the ground-state equilibrium geometry and
- .-_-_-- --- down into the dissociative channel associated with break-

•_ ll ing the selected X-l I b°nd' Quantt'm state-specific_z_:/\_'\ "'-... _"-------_____ _ 306-312 detecti(m ()f the molecular-product fragment ix accom-

• ."' r'/_.;:\: ./._-"Q'___'----_ / nm plished by a third probe using laser-induced fluorescence

," 5"i " i: ' "___?/[ _?_'--_ __! or resonance-ionization techniques.

_ oD(x + tt tors: (1) an understanding of the structure of overtone
transitions in polyatomic molecules, ,_(2) the rate _f

I _,= (5,()) s92 nm
intramolecular vibrati(nlal-energy transfer in the

molecule, and (3) an accurate description of excited-

/i_ state, potential-energy surfaces.

_ As a candidate systern, we have chi,sen to examine

the state-to-state photodissociation c,f highly excited
I_,,,_ vibraticmal levels of water mc_lecules via the h)west

l;:_., excited electronic state, Bond-selective ph_,tcwhemical
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studies will ultimately be carried out on HOD (deuterat- number ] = 5 can be populated appreciably in a sample at
ed water), where the deuterium substitution allows us room temperature. We estimate that up to 10 percent of a
t:odistinguisl_ between the two possible dissociation single initial rotational-state population can be excited to
channels. We have concentrated our initial efforts to the upper overtone level by our present laser setup.
date on the complete characterization of th/a two-step

photodissociatiorl of H20, via the fifth O-H bond- Results and Discussion
stretching state. The pertinent potential energy surfaces

of water are shown in Fig. 1, along with representative We have measured the population distributions in OH

laser wavelengths for the three laser steps required for following photodissociation of four single rovibrational
this phot0dissociation, states of watch characterized by the angular-momentum

quantum number ] = 0, 2, 3, and 4 in the fifth vibra-

Experimental Methods tional-stretch quantum state. Rotational-state distribu-
tions obtained for the state ] = 0 are shown in Fig. 3. The

The method of generating the three laser frequencies and angular m0rnentum possibilities in the product OH are
the overall experimental schematic is illustrated in Fig. 2. rather complex, resulting in four electronic states,

The path delays of the three lasers are adjusted su that the labeled 21-11/2(A'), 2HI/2(A"), 2n_/2(A') and 2113/2(A').
overtone pumping laser pulse and the dissociation laser These resolved state-to-state data represent the first
pulse are coincident in time. The laser-induced fluores.- such obtained from a vibrational overtone state and

cence (LIF) probe laser follows 15 to 20 ns later. The fluo- only the second successfi.fl state-to-state measuremellt
rescence is generated by laser excitation from the v = 0 of a direct photodissociation process. 4
ground vibrational state ,ff the product OH molecules. A number of interesting observations can be made

In addition to the LIF cell, a separate static gas cell regarding these results. Each electronic manifold shows a
equipped with a sensitive microphone is used to locate distinct population distribution (shown as bars on each
the water overtone transitions by pulsed photoacoustic level in Fig. 3) among the rotational quantum states. The
spectroscopy (PAS). A number of strong, unblended populations carmot be described by a Boltzman distribu-
rotational transitions are available experimentally for tion because We observe tl_._nascent population before

pumping molecules to the 5 vol I stretching region, collisional equilibration has time to take place. In fact, a
Rotational levels up to angular-momentuna quantum number of population inversions are seen, creating the

d,lII s_,-,,,' [Second H Fot.'th [ Figure2.

[ QuantelYG-581C 1_\ 1064nm 26(.,nra h.
Nd:YAC; laser Jl--'ll _e,,_,,-at,,r iharm°nit I _ I harm°nit J-J[ gene,.ator I _harmt'nic I 8rnJ L-'x mentalSchen'|atic of experl-setup, show-

ing the generation of
the three laser wave-

lengths required,< _ 532 nm Lambda3002dyel"hysiklaser 580=600511mjnm < _ their respective ener-
gies, and the general

v data acquisitionneodymium:yttrium-
2()-ns (_ptical delay lira: 532 nm l,mabda Physik harmonic[ 31)6-31"_ nm( _ aluminum-garnet.

"N 20112dye la,;er generator ] <1 m.I

! IIj / J ' " "t ',"cell '\ \ ",, cell ./ ./ /

I

+ +"_-----" Interfert, nce
.. filler

[ i,:t:_:ii_'-]__[ IBM PC'/A',' ]__1 Boxvar'_ ,.. ' ccmlpuler ii-_tegrat_,w ]
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conditions for stimulated enfission. Observed interstellar energy has been placed into'thedissociating mt_lecule

OIq masers have been' attributed to the direct photodisso- than the energy difference between these levels. These
dation of water located near ultraviolet-emittirlg stars, observations can be quantitatively accounted for by the

The observation of rather small distributions of rota- conservation of angular momentum and an assumption

tional levels seen in the products and the large population that no additional torque is added to OH as the molecule
q

inversions is surprising in that roughly 10,0(}0 times more slides down the final exit chal_nel. (sue Fig. 1). The pre-
dictions of this model are shown in Fig. 3 and successftll-

Figure 3. State-to-state population distributions in ly recreate most of the details we observe.
product OH molecules following two-step

photodissociation of H20. The four lowest electronic states of OH Sllmlrlaryare shown, each with its manifold of molecular rotation quantum

levels, designated by ], The relative populations of each product's
rotational level are given by the height of the bars, A number of We are now planning experiments on HOD in anticipa-
population inversions that are directly rela,ted to the mechanism qf tion of selective breaking of the O-H bond, This will be
interstellar maser action are seen. Theoretical calculations based a demonstratiorl of a simple, selective reaction and a

on a wave function projection model (solid bars) reproduce the first step toward a long and fruitful exploration of pho-
trends in population, t0n-mediated chemistry. Recent theoretical modeling by

lmre lends quantitative support to this selective bond-
5oo " breaking conceptJ _ A number of molecular systems

I Theory ] have been identified as fulfilling the basic requirements
I--'1 Experiment ' 3.5 _ _. of this approach: (1) localized XM! stretching states, and

4{icl - / (2) purely dissociative electronic states. These include
4.5 simple alcohols, amines, and selected hydrocarbons.

Future experiments will explore these possibilities.
_ 31111 - 2,5
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Beta-boron is an intrinsic semiconductor with a band gap of ..
1.5 eV; it is hard and refractory, and it has a very high melting
point (about 2300 K). Beta-boron satisfies the criterion of being
made up of small atoms with a large number of atoms (105) per

, unit cell, which is necessam d for potentially high thermoelectric
efficiency. We..have appliedsynchrotron-radiation teclmiques to
determine the local atomic configurations surrounding various
metallic dopants as well as to investigate the nature of their
bonding to the beta-boron matrix.
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a double silicon (111) crystal and a ().5-nlnl elllranct' 'i'he XANliS spectra of twtl sysic,ms, imt, dtltlblc-.
slit, which vicldc, d a resolution oi;ilb()llt.{),._ illld 1._i'M d(i]_ll, d with 1% vanaditlnl illld 1<_,coppc,r anti the' (llhc, r

at the tiidnitlnl'dlld c'tippc'l' I<,edgc's, respectively., with l (/_.Villldditln] illld 3(_, Ct)ppt'l', ilrt' idc,ntical i_
l)t,iails _lf spc!ciral recorcl ing, XA NE{-; nornlalizaiitm, t.host, tit" ill{! respt,ctive single-dtlped bttl't)ll matc,iqaIs.
EXAI:S analysis, and simtllati(.m i_avc' been described This fact indicates thai lhc, hwal stl°tlCttll't , and c,lt,ctronic
in ofilL.,r publications >'_.-,. ¢(m t:i14Lira tit)n ii rr)ii lid the vanad iciiI1 o [(illl il I't'ii ffL.,cted

Figure 2 shows tllc,n(n'malized XANE5 spectra for a little by the prc,st,nct, of copper in the boron lattice, and
sciric'S of ld lllCq.'alS that are 1 pL.,rcon[ iii concentraticm vice VtH'S/.1. This rc'still dolllt)llStl'0tt's concltisivc,ly thai
and doped ill bc, ta-b(}l'tln, For the. L.'drlv lllc'mbL'rs (ill there, is ill.) intc, rdciiOll bt'twc'CH1 tW{)clissimilar dopants
particular, iitanitlm, v0naditl.l.ll, illld chrtm_itlm), a ntlm- in tile b(n'on latticl, (Figs. 3 and 4).
ber of well-restllved transititms Lip [o ")4 c'V 0rc' evident. Cionct!,lltl'atioil dopt, lldt, llC(., filial FiXAI7,qanalysis,
The pre-ed14efeature at 1 to 2 eV is a :is --> 3d transititnl, which arc,described ill tilL, next section, silm,,vthat b¢_th
which is normally dil_,,,ie-forbidden, bill llerc, it is rathc, r valladitlm and cllronliLim (iCCtlpV lhc' mtwe S.yllllllL.'tric

str{nlg, indicating appi'c, ciable overlap with tile p-states A I site, with 12 boixm neighbors ill a b(nld distance tri
of the, metal dopants. Two well-defined bound stiltt)s at 2.15 _, ti l) to a doping concentration (if 1 perctmt, while
7 and 11 eV are also evident. As tilL_'d-states are pm- titanium, iron, and manganese, occupy both A I and I)

grussi\'elv fillecl in, going across tilt? 3d series from .tita- sites. Tile latter has 14 bor(iii Ott/lllS ilS neighbors.
nitlnl lo ci.lpper, the prc,-edge feature at 1 to 2 eV .Above ().5 ptn'cc,nt, nickel goes into ii second site, wllc!rc-
bocomes less well dc, fined. This is evident frOlll the 0s ctlppL.w tlndcTg()t,S muliisitc, (lCc'tl]_lallcy iii 1 porcL.,n[,

slx)ctra tfr lllOllgdllL.'SL.'through c()pper. The spectral fea- The L3-{:dg, c' spectra (ii ha fniu rn illld tilnhl] tl Ill in
tures ai high energ, ies are due to lattice scattering, boron are shown in Figs. 5 and 6, respectively. Thtr 1.,3-

edge arises flxirrl cxcitatkm of the core 2p state to SfllllC)

Figure 2, K.edge XANES spectra of 3d inetals (I'D) final d states, which for hafi_iurn and [alltOltllll (the early
doped iii beta-boron. _r';ctelements) are quitt, enipty (i.L.'.,the,rc, is a liigh density

of I;inal states). The!principal i'lbs(n'plion maximtim, the.
'(<ii 'l'ilallitlll1 22.7 A-'"-1.2 -- -wl Ir_,n "" " so-called "white line," is _ff_served to be int_,nsc, "['hl-!1.-_

s__, _ spectrurn may bi_,dc,convoluted into a lxn'entzian func-
/L.-.-ll.s ..... III. " --- II. lion and an arctangent step functi_m (i.e., thc, edge jump)

- 72 y acc{n'ding icia procedure described by l-iorsley. 4

,.,7 ,i;7 . ......................................................................................................
('._ii i -r 1 I I _ I I I Figure 3, K-edgeXANESspectra(if vanadium ii,

vanadium/clipper double-dilped borlm.

-(bl \.'.,_rl,ldi!iln /_124.'1r. I -(f) ('tiball /_ilU. I _ (,1) I'.;',.V -t I'/<.('u (bl 1 'g V t "w)',('ii
- "_ _ . A23.8

'_ in II(I "till A _4'( Ill DIIl'lill II_ _,
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, _'3 tj•_ -(c)(. hl'(lllllllill I_-" -(g) Nickt'l 2().h ..b() 41}.211 (1 2() 4[) (l(I. -h()...i() 211 11 2(1 411 h(I

71'2"m /_ ._..... _ I,'.lwrgy (t,V) I",i,,,r,4,' (,,,")li._ -........................................... _.........................................................................
tl t)_ .. I(1<J/ Figure 4. K-edgl, XANES spectra of cotlper iii

h.tp ' 3

lbl . _ copper/vanadlunl d(nible-d{lped biirlln.

' i;(iI
_i I i J I I I _ --t I 1 1 I ,,I

(I _ (ii) 1',_('ii .t I'/< V I (i,):v,',('li .t I(:g \i

1 A'c iii Ixlr(lll in IVll'llii Ih.q

(tl,i _ld 119,dill'St' Iii. q '(hl ( tlptu,r 17.3 _ "I_

i"i t'i;"- -.... jllll_ A,,,, _=<r'l'_(i.s"-...... <"() li --

_l.S ,S.H ._

I1.,1 ,I,I (I.,l ' 2x,
/

i, -:i 1 I I_i t !--, 1 I I
(,li-l(i 211 II 2(i -Iii ht} .(,()-I(I-2() (I 2(i .1(I i_(I f,(i -I(I 21)II 2(} .III hll (}{I-11) 71 () 2() .1() (,()

l'lu'r)',V (_,V I;iu,rt.y ft,\"l I.]lu.r!,v (t.\ i) I.llt,rt,,v (t,\.')



SeclhJll 1 • hlll(r_,ati(_Jl_ilt /lllalw._is altd Cltarm'l_'ri=ath,t

, .

lln fr_iunl dib(wide (! 1t:132)and tantalum dibc_rictc, uxpc, rirnuntnl vanadium l<-udgu I_XAI:,'--;stn.,ctrun_ ni

(T_II'/2)aru is(_stTtwtural tu alurnirmna diboridu (A1132): rt_om tc,rnl:,urntttru1:c,'V13 1(,_is p!ottud ns ll:/ll_ vs unur-
huxagtmal, spnce gr_mp C6/rnnam, witl_ an atomic gy, whuru/i; isthu vanndiuna l<_ttltloruscuncu intunsity
numbur o1:1 I-11:1:}2 or _I__132unit put prirnitivc,cull,,_Thu dnd /0 is thu incidunt intunsity, In Fig. 7(b), thu nor.mnl-
structuru consists ot: alturnatu layurs o1:mutnl and b(lr(.lll i:/,u'dvanndiurn ii',XAI:S ttw VI:',..1(,5is plottc, d ns.z(k) vs k.
stackud ni,ing thuc nxis. l'_nch mutnl atom has six Thu I%uriur trnr_st:orrn o1:this kl-wuightud signnl yields
eqtlidistant cl(_sest mutnl nuighbors in its planu and a rndinl punk nt just' bulow 2 A, as sht_wn in I:ig. 7(c),
!wc,lvu uquidistant boron nuigl_bors, six in thu layur "l'hu in\,urse trnnsltwm of the radial structuru in thu

nbovu clnd six in thu layur bulm.v thu inutnl nt()ln, rugh.,n_ot: ().8 lc_2.2 A yiulcls a I:iltured Z I:':ignal in 1¢
C'orrospondingly, c,acl_ boron atom has thrue boron spncu Ishmvn as n solid line in l:ig, 7Cd)l,
nuighbc, rs in its l:,lanu and forms six L_tm.,a-nwtal bonds, _1i_duturnlinu thu vnnadiclm-borun phnsu shift and
/\ccurdingly, thu deconvol't.ltud spuctra uf br, rh I-Ifl_2 be)run unveh_pu functi(m, we rise thu diboridu of vanadi-
,/hd qal32 ns wull ns thosu of the pure metals, sl_m,vn ns urn, VB2, as a modul, l.,iku I-tri32and TaI32,'VI32 buhmgs
dashed lines in t-:ig,s. F,nnd 6, yield a single l.xn'untzian to the AIB2-typu structuru. Correspondingly, uach boron
tur_ction, which is indicativu (ff clsingle crystalh',grapl_ic atom lms threu bortm neigl-_bors in its plane and l:orrns
situ. The corresponding duconvulutvd spectra of mutals six boron-vctrmdium bonds, We.found that c_onu-shull

in btwon, aru bust fitted with tvvt_l.,orentzinn functions, fit yiuldud the bust fit with physicnlly muaningful
,as sl_m,vn in Fig. 5(b) nnd (c) for l',lfnium and Fig. 6(c) parnmeturs for thu VB 1¢.,5alloy: N = 12.2, r: 2.17 A,
for tantalum. This spc,ctral analysis suggests that there ilnd o = -().()0347 _, whuru N is thu numbur (_1:bcwon

are multisitus t_t:these 5d mutals in the boron lattice, neighbors, r is the avuragu btwt)r_ distnncu frtma a given
vnnadiuna atom, and _ is the l)ubye.Wnllur fnctim "l_hu

EXAFS Results simulatud 'spuctrurn is shin,vn in l;ig. 7(d) ns thu d()tted
curvu. Thu standard duviatic, n in nmplilude butwc, un

.,'\s an uxaml:,lu of the EXAI:S re,.;ults, we presefit an the sin_ulatud and uxpurimental spectrn is 5.4 percent.
nnaly,,.;is of thu vanadium EXAt:S data to determine thu

mutnl c(w,rdinntit)n in beta-boron. In Figl 7(a), thu ,Figure 6.,

fi(,_) Ta mutnl

Figure 5. 2,o L3-edgeXANIJS

'- _ ' .3,2 "-
- (n) I I11t., spectra ,_fftap, talum

2.0 l/ L3-edge XANES in various sysiems,Deconvoluted spectra
- I .fl *--- spectra of hafnium I,(1

71__....a,_ - in various systems, ]1\ are sl,own as

Deconvoluted spectra dashed Ihles.
I.I) are shown as

- t  ashed

11 _ '1.(_ (b) 'I",_B2 /'_ ''
,._

= I ';; I It: /_ ,.C@

_1,2 _ o,s -- It_r_v--. :_.,_

' ' '"I-_L._ .....- L- II I It/ Z
(},4 r-- /I II/ _ f_ {} I

) ""(I - (el ().75'/,, "l'a

l.h --(c) 2'?_.11[ /'_ ' ' 1.2 _7" inborl,i, i ,_ |\

- _ k,/ _ lillrl')_,y (t'V)
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SectioJt I • lltla_vati{}ltstj1 AImlysis and Characterizatiopt

A recent single-crystal diffractometri¢ study" shin,es National Laboratory, similar structtlral studies can be
that in VB._1_,5,the vanadiurn atoms are t:otlrld only at carried out at much lower concentrations (less than parts
the 12-fold coordinated A I sites, w,hicl'_have six boron per million) and snmiler sample sizes (micrometers), as
atoms at 2,167 A, three at 2,133 A, and three at 2,145 *, well as in the millisecond time d(wnahl of time-resolved
Within the accuracy of the EXAFS technique (r, +0,02 _; studies, to elucidate tlw chemical dynamics and kinetics
and N, +10%), the EXAFS results agree with those of reactions,
obtained by x-ray diffraction,

This w_rk was sltpported ly/ lJ_stilltliomflResearch&
Conclusions lOeuel°lmtellt'

We'have demonstrated the usefulness of EXAI/:Sand *General ElectricCorporate Research and l)evt,lt_pnlunt

XANES, using syrlchrotron radiation as a light source to Centeb Schenectady, N,Y,

probe the local atolTliC structure and bonding of metal
sites in beta-b0ron, Our structural results for tl_e case of References
VB 1I_5agree well,with x-r'ay diffracticm data in terms of
the vanadium-boron bond distance and coordin,_ttor_ of 1, .I, 1,, Hoard, D, B, Sullen, C,,I l, I,, Kennedy, and R. E,

I lughus, ], Solid ,qhth' Ch('IH, 1,268 (1970),
the x-ray-absorbing varladitlnl center, In addition, bond- 2, J, Wong, F, W, lxtle, R, P, Messmer, and D, Ili Maylotlv,
ing informaticm and electronic interaction of the metal Phys, R('v, B30, 55% (1u84),

dopant with the alpha-boron lattice, not plieviously 3, .], VVtmgand 1t, tl, I_,iebvrman, I'hl/s, R("o, B29, 651 (lUN4L
4..J, i lorslev, ]. C/Will. P/lyS. 76, 1451 11081 ).

available, may now be deduced by analyzing the nc,ar- 5. B. l'(_st, I_,W, (;laswer, and 10,M(,skmvitz, Ada Metal/,
edge spectrum using appropriate rnod,.dcompounds, 2, 211(1054).

With brighter and more intense: synchrotron SOtlrces, 6, M, F, Garbauskas, J, S, Kaspt, r, and (',, A, Slack, 1, ,qolid
such as the Advanced Light Source at l_awrence Berkeley Stab, Chem. (in press).

I.aboratory and the Advanced lfl_!)ton Source at Argonne

Figure 7.
(a) l 1).116---fro

(a) Room-temperature 0,,l(I -- ,
experimental scan of - _ ().()4 ---
vanadium K-edge 0,30 --
XANES and EXAFS (),()2 --
spectra in VB~I65, The _ - x
energy zero is taken to _ 11,20-- ' 11---
bi: the first inflection at _ ,

5465 eV Isee I;tg, (2b)], " --(1.()2....
(b) Nor,nalized EXAFS (),lt) -- '
spectrum plotted as Z - [

vsk.(_)v.u,'iert_,.s- II'--q' I I I I I 1 / 1. -.o.ll4,__j___ , I , I .J I .
form of Z, (d)Expert- .-lll[) l) li)[) 2111131111400 Nif) NI0 70118111) 4 6 8 I1) 12 ,1

mental inverse l!norgy (rV) k (,;qI1
transform XI" (solid
line) and simulated

EXAFSspectrum (dot- 14 --(c ().()2 --(d)
ted line) irt the region 12 --
0.8to 2,2/i_about lhe (),(II --
central absorbing I() -"
vanadium atom in () --

Vg~t('s' ._ ' (),1)1 .....
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2 --' - (),()3 --
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e.

Urtcoated dot_ble-stra,ded DNA has bee, imaged for the first
time with a sca,,ing tum_eli,g microscope (STM) operating i,
air. The resolution was such that the pitcl_ of the DNA helix
a,d _ts major and minor grooves couht be observed. We have
thus demo,strated that the STM ca, be useful for structural
studies of a variety of u,coated a,d isolated biomolecules.

lntroductiorl 'l'laisnrticlurupt,'ts_n the, firsthigh-re,,;_flttti_r_ _,bst,r-
vati_ms_II')I",IA sirtlcttlrc,s_flq,ainedwiththeS'I'Min

"l'l'w S'IM is bi,c'tm'_ "_t-an essc,ntia! to¢fl at I.I,NI, in lhc' native (mm:'nwtal-shad¢,wc,d)st:..,cimens, In the,su
devel_,t,mc,rlt of tuchrlu,l_gy and in basic rc,suarul_in images, br,rh thu majt_r and rnim.' gr_,twes Of ct_,tlble-
chumi._;try,nlaturials sciuncu, and biol_gy, In tuc'hntfl_- heli× I)NA wc,ru n.,s_lvt,d, which implius a res_luticm _t
g_.,d,.,\'ul_F,merlt, I_r uxampIc,, I_iglwr-tl_arl-uxpeuted abotlt 5 A, I:tlrihc, r, the distancus L,utwc,un tile,su
r_tlvl_ness (t,n lhc' a n_stron-I scalu) was tfl._servt,d b\, grt}twes were measurucl.
SI'M _n bt,tIl diarntwltl-ttlrrwc! surfact,s and vapt_r-

clept_sited multilavc, r x-.rav-(G:qics Stll'l',lCt:Sj this t)13st, l'- E:,_perinlent
vatitm eltlc'iclatt,cl t_revi¢_tl!.;lytlllk, llt_WII clc'tclils t,t II,.,

ctiltin M,lhd duP_sitior_ F,r(wussc,s. In chemiSt.ry and . Wt, c_nstrtlc"t(,d an S'I'M baSc,d (marl uarlier IBM dusign.
rnaturials suivm"e ruSuaruh, S"I'M ruvc,aled Ihat what is C)ur S'I'M usud a rnicrcmwlur-drivc, n d iffc,rential Spring
suun with (,lhur tuchniclues, st_uh <asluw-enc, rgy uluclr(>_ mechanism I_r samplu movun,.,r_t and a tubular pit,:,'.o-
_tilfrautil_n, as a m(m(_-attm_ic lavur t_l sulttir at(_ms (,n a ulectriu crystal, rathur than <1trip_,d ttr suan thu tip. Wu

I'ht'lliLIm (()t)()l) Stll'fdct' ctmsists in rc,alitv t,t patcllus t,l llSt'C} 111t,t'hdlllcdllv cut tips uonsisting t_t a 6t) pLWCL'Ilt

n_l_tlrlilt.'m "huxagt,ns" t_tstilt:tit suparatud by grain F,latinum, 4(I pc,fount rh_clitlm all_}y, 'l'lw Lypical tun-
L_t_tlntlarius. This ruvulati_n hulF,ud t_,uxplain surface nulin_, c'_mdititms we,r(, a 15(brnV sarnph., bias (uithur
t,,issivati_rl in c_.,rit,sitm and uatalvsis. I I_tflarit,,/) and a few r_ar_o,_mperes t_t ttlrmelin,,., ctlrrent.

In stlt:,ptwt t_l biuh_gical ru.,-;c.aru)aat I,I.NI,, in parlicu- N(_ dill:erellCC, in the, irnagc,s was (_b.'-;erved as a funutitm
lar thu I_tlmala ,u:.,n_m_vi,rtqc,ct, wt, have rise,el STM to _.',ftht,,,-;uparan_eters.
imagt, rlali',.'c,[)N,-'\. 2 lt is this t_bser\'atit',rl that wu S(flutions tsl:calf thymus I)NA we,re pr,.,parc, d as
rc,l,t,rt hc,ru in dc'tail, duscribec] in Ref. 4. i\ dr_G:,lc,tt_t the, aqt.,.,tms st,lt.ltitm

l:',arlic.rstt.,.liL....-;h,_vushcw,'n tllat n_>ttml\, mc.tals and (1 rn_ ot: I)NA i_".urml in I() mM K('I) wa..-;allowc,d tt_
surnict,,:ltlut_,'s L,tlt alst_ t_rganic, int,'_anic', anci bi_flt,t.i- c,vap_watc, in air _ma fru..-;hlvch.,avc,d, highly t_rdured
cal mtfluct_llt.suan br, im%.ud by S'I'M, N_th in air and a I:Vrtflytic _rat',hite (I I()1'(;) substratu, which prtwiclus a
v,lriutv t_l t_tlaur mc,clia. ' l'hesu studies durn(mstralud thc' c't}ndtiutivu Sllrl'm'e with crystal plarlt,s att,nicallv Ilat
ad\'allt,_gus tfr S'I'M, viz, siml',liuitv _f _,t-,urati_m,It_wc't_st, twur ll'_t,t,sancts t_l angstr_,ns. In thu imagc, s _.,,,'t,pl'u--
and alGstr_m_ rustfltlii_m L-,t,lh1,_turallv ,hd ru,'rnal tt_lhc '-,.,ht, ttlnrwlin,u, ,.,,,,,asiniti,_tud irnmudiatelv at:tur tlw last
stlrfdt't', Imaging is p_>ssibluin ,1wiclu x'<_riut\,t)t c,i'lvirtill- li'ac'us t)l wdtt,r wt'rc, t,bst,rvt,tl t(I uvap_ratu, 'l'htls, thu
mt,ills, irlcluding <iii'<-illtllicltiict,,, anti ._<lmplc,-prel-_<lr,ilil_l_ I)NA was hill stibjc,clucl l_ I_,lrtic'tilarlv hilrsh iii' inlri-
ulwlctitii,_s <irt' lltll ,iSharsh ,is tl_<_suI_t,c,ctt'clI(ir mt_sl t'l>i_-- tale san_l_lt,-prt,F_,lrati_,i_I>i'(_c"t,cttii't,s,Sample blanl,:s
t't,i_lit,i_,ll t,lt,ctrl_rl-inicix_sC{,l:_Vll_,chnicltlt,s,whiuh gc,lwi'<ll- c,xl>l_st,cthl II)-.mM I<('1 st_ltiti_ns c'tii_iairlii_g nl_ I)Nt\
Iv it'cltlirt' vi/c'tltim ('()l_clitil,_s and c'()iltttlc"tirig c()<itings, dtltt stll_jt'ctt.'cl it) i_ll,niical [rt,,llmt,lltS sh_)wecl il() [()t_l).-
i'l_is hx'hniqtit, t',lll ht, I_i'/_ti_,hti(_bt,ilr _,i_MrtMtirill tltlt,,_- t.,rat_hic',_;Irtlt'ltll'l, in ilw S'l'rVl in_au,_,s(,ll_ur rh,lh the
ti_n,<,ii_ lilt, b _ _gic',l fit,Icl, t,vt.,ll ii thu iI<lltlrt, iii ilw uluu- _,xpt,cit,tl <li(iiilit' it,dttli't,,_ ,llltt (ic't'ilsitlll<ll sh,p,<,lh,li di't,
Irl,l_ t,lwrg.v lt,rc'Is lh,li I:_articip<ltein thu tUl-_lltqing c'lliirat'it,risiit' i,l c'lt,dvt,cl _4rilphilc, stirtact,s,
prl,c't,s,_iii <11/(_l_illlic'ITil_h:t'tllt, is I-i(fl tli/clc,rst(_lcl,

I[



S_'lqi_,t 1 • IItJtu_,atil.ts ips/l#ullllsis aJl_t Clutmd_'ri=ali_it

Stulw t)t the V.'()blt,ms erwt)tlnlerecl with I)N'A lwt .... Mtwc,mullt t)r displacument ()f lhu I)NA, altht_tigh (wc'a-
parud in this Way incltldu cltlmpillg int(_ large, tllll't,¢t_g- si(rosily ,abser\'eti, was nt_[ Ititllwl irl ht, a pr{_blun_. 'l'he
nizablu aggrugaies thai do nt_t give stahlu ttll_nc,lin_., c_mplek, evap_waiion of lhu I)NA s_fllliion cumm_nlv
conditions, and at thu othur Px[t't,mt,, the inability Le left a q-mm 2 area on llw gllaphi[e stlrtacc, c()nsisting (_fa

find any I)NA mtflc,cules within thu scaniling range _)1 suries of concuntric rilGs, wllich were catlsed by Lhc
our microsc_pl, (our largesl scans were, 0,5 × (),5 _lm). , eVal-_walitm pr_.:ess and tlw salts lhal lhu shrinking

dfr)pier lufl behind. In lhu cunter _1 this arua, llwre was

Figure 1, ustiallv a I-mm 2spt_l in which lhu lat_tdlllt)tllll,_.; t}t sail
(a) precipiiatud _lit _)t:s_)ltliion, "l"his ri,git>n _vasa\,'(fidud

I)NA depuslted llt_ bt,catlst! of Lhc unstable tunnuling c'tmdilit_ns causud by
graphite and imaged the thick layur _1 mmcond tlclill_ sail.
tn air wtlh the STM,

Ali uf the ImaF, es we4'e
_lbtatned al cm_sianl Resu Its
tunnel cl.lrrel_l (topo-

graphic images), I;igtlrt' I shews ,111image c_nstructed from lhr, L(_t,x_-

(aiSamplearea,10._0 graphic ct.ilt_urs tollmved by lhu STM tip as il traversed
•, 1(.)50A', tl_tal height, thu I)NA adStll'[_ud illl [i10 graphitu, whilu thu tuedback-
49 A; saml,le bias, C_l]{l'ol eleCtl'Olaius mail]hlilled ,1 ct_nSldl_[ ttll]l]vlillg Ct11'--155 mV; current set

point, (),c}tlA; acquisi- l't.'ll[, This image is lYl_ical _1 tH.II' Idl'gt'"_ll'Ud inla_c's ill
/bl thai il shows a doublu-stranded I)NA rllolc,L'tllui(l)NAlim_ lime, 21ll s (tip

velocity 13(i{}/_Is), duplux) thai makes many convoltllit._s _n thu Stll'l'aCt',

12



, _ St'ctloll 1 ° IJtllmvtti(_lls ilt Ajlalysis alld C/mrm'lvri:.ti(m

grt_(we alLernatitm is seen, q'he disLance of one major- 'l'his _(,(u'k_(,_lssutVJ(_rI,'_lIJy IJlslilltli(_!lal I<('s('ar('h&
minor pair is abotlt (-_3_ across lh(., bottom duplex of l.h,t,eh_imtcllt,
the image and 40/_ ac'ros,,_the top duplex, On average,
this ctwrc, sponds to about a 55 pt:,rcent expat.isit_n tn *l,awrt'rwc' Bt,rkt, lt,v l,al,¢matt.'v, f3rrkt,ley,C'alil',
lelagth compared with the crystalline state, iUnivt,rsity ctt Madrid, Madric[, Spain.

10NA may undergt_ length expansttms by 25 to 50
percent when intercalated with ionic species in solu- References
tJOl'l, 5 The DNA rnolecules that we examined have

been subjected tt_ the combined forces of the surface, 1.13. Marclaon, C. Ocal, 1). I:,Ogletrt,t,, Irl. B. Salmeron, and• W..1.Stekhatts, "S'I'M Steely of the Structure of Sulfur tm
dehydration, and possibly, intercalation with ionic l<lwntunl tO[)01)at Saturat[_w_(i?ovt, rilgt,," ], VIIC.St'i. 'li'('/I,

species, so that we are not surprised that tlae pitch (in press).
periodicities vary as they do here. 2. T. I".l'_arbet,,Jr,, T. t)2Wilstm, 10,F:.C)gletree, .1.E, Katz,

R. I_.Balhorn, M. B. Salrneron, and W..1.Sk, klaatls, "Direct
C)bservatltm of Nattve DNA Structures wtth the Scanning

Conclusion "f'urmelir_gMicrcJscope," Sci('m'(' 243, 37t)(1989),
3.1'. K. 1lansma and J. Tt!rsofl:,]..,'llq_l,I'hys. 61, R1 (1087).

Wt, have shown that STM can be used to analyze biologi- ,1, I Itghly pt_lyrnerized t'alt thymus DNA (Worthtngtt,_
cal structures irt flit with a resoluti_.:n approachirtg that of 131ochemicalCorp,, f:retqlol_.i,N..I.)was dissolved overldght
the best electron microscopes operating in VOCL1UI'I'I, Wt, in aquet_us 10mM KCIat a c_,acentrati_m_1',1.5rag/ml,

,,kliqut_tsof this stock sohlttor_were stibsequently diluted
have presented this detailed t,xample to show that STM with 10 mM KCI to a working concentration of I rag/ml.
and related techniqtles, StlCh ,is att_mic force microscopy 5, C,R, Cal'lt(}l'ancl 1'.14.Sclahaamel,in Bi(v_hysicalCh('ntistry,
and scanning tunneling spect roscopy, will sig,nificantly I'm'l lib "l'helh'hm,ior (!1BiologictdMm'rimt(dectth's
ct_ntribute to research and de\'eltq:_ment at LLNIx. (l:;reernan, New York, IO80), p. '1252,



We have developed a method flJr characterizing materials in
three dimensions with a spatial resolution of 5 pm. This
method is known as x-ray tomographic microscopy (XTM),
Thouglt XTM does not 1/ethave the spatial resolution afforde,t
by eh,ctron-optical methods, the superior penetrating power of
x rays allows fully three-dimensional characterizatioll of
materials in situ. We ther_:fore expect XTM to be a technique
that is complementary to electro, microscopy,
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the fiber-nlalrix interface and bc.,tw_?_?nne,lrest-netghb<,r as ir_accuracies in {llU tabl.llalt,d cr_ss mecliC_ns.'Hlis
fibers rather than acr_ss tile Plies of the c_mlposile, agreement _lves us ¢_,'lficlencU tll.ll XTM can 1..,made

Values ¢_!'/.1,as measured usint, XTM, arc.given In ' vet), sensitivv tc_sul:.lle changes in all_y c(._rnl.,¢_sltt¢_n.
'labh., 1 t:Orthe various Parts of lhc c¢,T_posite. No c¢_r- 'l'hc,ret:orv, iI sll¢_uld be PossIbly t¢_usl, X'YK4tC,sttldy, at
rect,kms or nt,'malizaLlons lia,,'e been rnadv. These data least in c_._arsL,del all, Interfacial chemistry tn situ.

are cornpared with two s_.,ts of tabulat(?d x-ray att ent, a-
t,on coefficients, These calculations assumed ali con- Future Directions
stituenls 1o bu fully dense, arid the silicon carbide ts

presu, med to be stoichk_rnetric, El'f(.'ts are now being focused cm improving the r(.,soltl-
Agreement of the XTM data with the calculated val- tkm and sensitivity of XTM Achieving a spatial rL'soltl-

UeS is excelh.,nt, and tile differences b(.,tween calculation tion of I _lrn will reqtlire imprtwed sample-poslti_,ming

and experiment arv likely a result of slight departures' capabilities and larger CCD f(_rmats, 'l"he design of in
frc.n the nominal composi'ions of each phase, as well situ tensile stages and envirCmmental cha,nbvrs t'tw

imaging samples under load or high ten_pt, rature is
Table 1, Calculated and observed values of the also planned; presently, ali nwasurernents are made at

linear absorption coefficient tl, I'(.)(.)lllternperature and ambient conditions, If a sample
is stresst, d ota crack is introduct, d, ii: must first b(?

,l/calea,b ,Zl'ob_ l_'atJPpb._ removed t:r(_rnthe XTM stage for stressing and then bL'M ate rtal (cre-!) (¢, ,-.1) (eta- _)
replaced in the XTM for characterization, Because

(.'rack {) 0,07:L{),tl45 ..... cracks may close in the absence of an applied load,
(",raphitv 0.85 (Oi.Sh) (I.88 :t: (I.,1,1 (1,_7(0,.8) direct visualixation of damage prior to failure lllay be

l,\itlmillUl_(pure) 7,t;()(7,_5) 8.()_ :__(I.21 (},gk.',((I,_8) difficult unless in situ load cells are Ulsed. The develop-
AIt_minuln (6()hl) < 7._)6 (8.26) 8.15 _t ().18 ()._-;8(I,(,)l)

ment of thL."_e.'stages and charnbers is tllldt, r wav,Silic_mcarbide u.21 (8,8:_) S,71):t-0.73 1.06(I ,(.)2)

a I'L F. ]'lechatv, "lhl,los .hd (;r.l,hs ('l Iqt(_hu_-hlh'ra('li(.I ("ross S(,cli(,_ts, This WOl'k Was Slllll_Ol'h'd bl Wt'III_(_IIS SII])llol'tillg RcSC(lt'('/l

l,,;_wrvncv I.iverm_re Nati_._al l.,d._(.'alory, I,iverm_re, Calif,, LK'RI,- II/ld the W('I1F(}IIS/i_l'O,_l'alll,
504()(I, v_d,6, Rev, 3 (ItJSI),

b I.h'rm.i_m.l lhbh's li,r X-R.y C;r.,isl.lh_,_r.l,h/(Kvnoch Press, *C_mputatiol_ Directorate, I,I.NI,,

t_irmingh,_m, Englaml, 1_72), vtd, 4, "lhbk, 2, I_, pp, hl--b6, iEngiru.._'ril]g I)epartn'..,at, I,I.N ,f l)_rtmund,< l'lw ro,reina! <mnp_Mti_m (,1'this ,dim, is from/VM.Is Ihmdl,o(d, Ih',,;k :IPhvsicsDepartnwnl, University '_ I_')orh_'_und, I:R(',,
I,h'li'r,'.((' (Amvrican S_wietv t_." Metals, tvMals I'ark, (.)hio, It_hl ), _Sai_dla National I.abt.'atory, l_,lvurmore, Calif,
8lh cd,, ,,,_1,I, p, u,15,

[t,
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A d van ce d M u I 1a y e :r X-R a y 0 p ti cs

_ Multilayer optics fl_r tilt,,x-ray, soft x-rail, and extreme ultravi-" olet spectral ,regimes is a rapidly expanding and maturing field.
Most of tire effort i. this fleh.l is directed at hnproving the qual-
ity of multilayer structures b!/developing a better understand-
ing of syntl_esis-structure..propertl/ relationships, Although the _;;
quality of simple multih,_yer structures may be improved, there
are now signif7cant, ittstrumental applications for these reflect- _
ing structures _,_ndopportunities for developing new optics. A
new class of, diffraction grating (the multilayer grating) and a
mu,ltilall,_',rC,(#,as¢,_n,zi.nastvonomica l. telescope,,:_,_re,discu, ssed. :._

,! i ' . --

Introduction ]avers ih the .'..;¢rtlcttlrc,,the intc,rfaci, width or ,'lbrupl- _
fws,,..;in arornic p{isitic)n and cun'Ll:,ositit)rl, and Llaeinto,r- _-_.z-

'l'hc, basic physics and tecian_Hf,g.y tit simple rnultilaver face rf_tzghness. 'lGle,sc, dil:lractive structurc, s may be
stvucluru._; 1i,' ll'u.,c'xlrc,lne ullravit}lc, i (I 5--I()t) v\/), stiff n,lduled rising optical multilaver co(Irs fir the x-ray

x var (1()(1-3()()()ek/), and x ray (3()()(I- l()(),t)()()eV)werc, sc'atterin_, cIpl.",r_,},lchtvF,ically',ipplied t_)perfectcrvs-
c,stablisl',c,d 4 tt_ 5 years agr). I 'lt was aF,pavent then that tallinc, Bragg diflracl_;rs.

n'_ultila\,u,l's had thf, poterltial tr)grc.atly extend and (;unurally, multilayers lll_lV be' synihosi,:ed using
sinal_lily the eXpc,rin_ent.al tuclaraicluc,s available, in thc,se many _lf the nattlrally flCctlrl'illg elerlleil[s, (.)ptirnixed
'_F,t.ctral ranges. Allht,ugh this p_}tc.ntia] was c'luar, ]xlvmaI incidence rc,fluftivitlcs- that wc,n., calculated
_,nlv a few demonstration expvri!nents had bec, n pc,f- using tabulatc,d optical coalstants for elunac, nts with

Ifirilac,d il'l which mull.ilavci" s{rtlc;tclres wf, re di_,integral attuaaic latlmbc,l' (/) gl'ealc,r than 5, and t'fll' lhc, sl:_ecil'al
t'lt_,rllC,il{ til ,Ill optic svstcur!, I'dll_t' frolll l ()()tri 2()()()c,V, arc,ali stlrprisillgly large

l'hi.<_articlc, u,i\'t.,sa shul't d esc'ript ion cii multi lavet (4()--.8()%),thfitlgh on ly lf)w res(li Litit)n was pred if'led ai
_li'Lictt.lrL,as it rc,l,itt,s tri t_'xlrc'mf,tlltravioic'{, s_tt ,X-I'i'iV, the longer wa\,c,ic,rlgth,_, 'l'hese rt, fleclivitit, s c,xcl.,t,d bv ii
and \-rav tG:_tic's,i\ nc,w cla.<;stit dift:ractioll 14ralirlg, the l'tlCt;tlr tit' I()i f}l' mc)rc' th_su typical (li' rc'flectiilg ,_tlrf;.1ces

illt.lllil,lvt'r gi'atil_g, iSdc'._cribc,d, "l'hi._(ll:>ticc,xlc'nds the t.lSc,ci in this t,rlc,rgy rally,C,,1{ high ailgif,s _lf iilc'icierlct_,,
cap<lbilitic, s uf Mmple rc,l:lc,cting di ftfaction _l'<ltii_._ arid

makc,s I,_ssiblc, c,flicic,ni, hi/4h-result.itif.a ctispc'i'si_n c,lc,- .Mullilayer Diffraction Gratings
nlunts, I£xt:wril_ac,ntal |_c'rformarlcc.,tlf a lrlt.lltil,_\,cu'-
ba_ecl iina_,iia_4 iristrtllTIc'll[ is als_.l dt_,._cri[_c,d. Simple Illclltilavc!r strtlc'lt.lrc,,_ hdvc' high i'c'flectiviiv but

low I'Osflltlti(wI, lllc"rt,,_sillg l'c_,s_lltlliollDV t'flnlllil_irl_4

Simple Multilayers , twt, diflracii\'c, structl.irt, s....n-lultilavt,r._ ai-letciiffl',acl.ifll-i
gratings .....is, t hert, tfwe, inlptirtdllt, Early Wtil'k fill rrltll-

Multilavc, r-basc,d ciptic c,icuYwntsai'c,dil'c,ct an,ilo>gstc_ iilavc'l' gratings was de\'t_tt,d ltl tlsiilg mtiitilavc, rs it)
stalaclarclciLIdrit.'r-wdVt.' t'lC'lllC'lltS that arc,apFHic,dal t_'rlh,ln¢c_ the rc,flc,ctivity _Hthe active, _l'alill_ stlrl'at_'t's,

h)rlgc,rwa\'c, lc'l_gihs with thc' rc,cluirc,mt,rlt that abs(ll'lgti(lll thf!rc,by ilwrc,asing grating el-ficic,iwy. ],_t,cenii'c,stlll.st 5
bf, inciudc'd, Thc'v arc, ill,-i.rl-madc,,lr_c,ri_,dic-iavc,rt,d strut- ]laVe sh_)wn lhat c_lnv_lluti_ln _it thf, prf_pc,rties _lf thf,sf,
[I.li't,stit" high c'llt)l.lgll Clt.lalitv tri bf, c'()nsiclc,rc,d synthc, tic' two Stl'tlC[1.11'c,s(l_nLIltilayers alld :d,ri.ltil_gM rc,stll{s irt al_
c'rysh_ls,I I,avc'rs (ii mi Ifr,rials i\ and IJhavii)g significant t)ptic havinQ, t,llic]t.lc' characlcu'istics that/4ruatly t'ilhtlilCO

cliffvrl.,lx:'c,sirl lhc,it SC<ltic'rirlgpt)WC,l'SI()r × rays arid bc,ing thf, l__t'rt(_rrr_<lilc_c'of b_lth strtlCltlres.
0[" tllllf(ll'lll tllic'kllc'SSC'S/,I alld /b' rc'spt,t:'[ivt.'ly, flrt., C()lYI- 'lhesc, new t:_l'_lt->c,l'tit,sIll(IV bf' dt,rl_)il,_li'alt'd by tlllt/l-

bined t()l_lrm a sanlplc, _)ttlllit:()rrll l_,c!i'i_cld(i =:la +/1,' \,sis ] _lt <lsimple, ]ilminilr-_.lrllp]it.tlcit, rlltll{i]dvc'r gl'ating,

lri_p()r[aiit ll_tiltilavc, r l._araincq;c,Y_arc, thu sub._lra{t_, sllt)wn sch_,l_aiic'ally in tqg, 1 "l'his _raliil_ ,_trt.ic'{t.lrt,is
_lualilv (i'()l.i,41ll_t_s._aru.t fi__,j.irt,),the urlill_rrr_itv and ,i laillirlar-arl_plitt.idc, gl'a[ing a.<-ilighl is orllv ctiffi'ac'lf,cl
thic'knes._c,s()t the c'_uTipl_i_c,ni lay0rs, lhc, x-ray _)ptic'al
t;()ll_!.dll{,_ )1 thc' c'()iTIptlilt'ill t'ltUllC'rll.s, lilt' iltllllt.4.,r _,)t
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frona the tops of tlze grnting bnrs. The structure consists since (1_m is inversely pr()portionnl t_ II. Second, tlii,

of flat-tol:_ped bars of wiclth dg/2 and has n period d:e,. spectrnl range dispersed in nnv grnting order is deter-
The multilaver structure is periodic in depth, with a mined by the bnnd-pnss of the multilnyer Brngg' diffnic-

period di), ns shown, tion penk, This is nlwnys less thnn I () percent, so thnt
IAght incident nt n grazing nngh.' 0 is diffrncted by the order ()\,erlnp occurs only at very high order nnd, there-

multilaver at nn exit nngh., 0 in zeroth order, fore, high resolutions nrc i_btninnble, Third, ¢I)_,is indc-

Interference ot: light diffrncted by the multilavers (m pendent oi tile energy ()f the dispersed light nnd (-).
enchgrathlg bnr results in intensity llldXillail (grnting- This hns specific rnmificntiims for laminnr-nnlplitude

disperse d, multilaver-diffracted light) nt nngles (I),,t rein- grntings, true lnminnr-phnse gratings, nnd blaze grntings.
tire to zeroth ()rder, where lit = ±1, :_z2,-±3,etc., nrc the If the step height in a lnminnr-phnse grnting is mntched

gr,ltine, orders. The relntionship between the dispersion to d()nndl it_._ns defined by. Eq. (1), ii will be _m pllnse for
nngle O,,, the structurnl pilrnnleters _t_/.11101/(), the angle ali ,lnglts (ii:incidence/.11i0, thtls, t(_I"nii 13r/.lgg-dit:fractect
(_f incidence 0, nnd the composition o'f the multilnyer wavelengtiis. Also, ii:the blnze alice,le t)fa blnze g,rnting is

n_ny be deri\,ed by nnnlogy with ,i Young's slit structure nn intc, gral multiple of O I, it tony be opernted (m blnze nt
or t:rom the scnlnr grnting equntion, nnd is given ns: nil nngles c)t:incidence nnd, thus, for' nll Brngg-diffrncted

wnvelengths. This grently extends the useful spectral

sinq),,_ = sinO,,,i ) li ....(2_ - 62)/sin20] 1/2 ; (1) ranges of these two optic structures and is n unique
property of multilnyer gratings. As n result of the limit-

where sinO,,_l :--2Ill,tiltrot _,nnd u is the multilayer Brngg cd band-pnss of the multilnyer 13.|'nggclifflncti_m peaks,
_)rdc.r. The term ill brnck(_ts corrects ft)r refrnctitm ()f the these tony be used in high order, st) thnt very high res()-

rnultilnyer-diffrncted light resulting from the ()pticnl luti(ms nrc attninnble.
constants of the multilnyer component materials, nnd is The properties presented above have been observed
nenrl)' c()nstnnt over broad spectrnl rnnges away from experimentally for simple laminnr-amplitude gratings)
chnrncteristic nbs()rption edg,es of these mnterinls, lnminnr-phnse grntings, '1nnd blaze gratings. _ in nddi-
'Theref()re, ([.),, is essentially c(mstnnt, being inciepen- tion, c(mcnve-blnze nnd holographically ruled grnting
dent _)t;0 and the energy of the light ctiffracted by tile ._;ubstrntes ilnve been multilayer-c()ated nnd chnracter-
multilayer, tt is defined bv the rntllttlayer period (dol ized r_nt norrnnl incidence, tligh res(dutit)n was demon-

the g,rnting period (d_,), the order of the grating, (Ht), nnd stratecl (-25()() for 15.()-nra light ), but efficiency was
the rnt_ltilayer Brag e, order, limited by tile quality ()f the grating substrnte.

lt is useful to consider the rnmificntions of Eq. (1). In Summnry, multilnyer grntings (lnminar-anaplitude,
First, for multilnver grntings, higl;cr Brngg-()rder con- lnminnr-phnse, and blnze) hnve demcmstrnted proper-
tnminntion of the grating-dispersed orders is eliminnted ties experimentally thnt grently e.'.tend their utility nnd

that evidence pt)tential for very high res()luti(m in high............... "-7- ............................................................ 7-.....

Figure 1. Schematic of a simple laminar-amplitude, order. These characteristics are not limited t()the x ray,
multilayer-diffraction grating) soft x rny, and extrenle ultravi()let, but Will also be pre-

sent with more traditi(mal gratin!, structures intendedMultilavergrating
3 for use at lower energies. The chnracteristics described

:# 2 nbove for niultilnyer gratings are, theref()re, genernl in

._ j.,S"---""----I_'--_/ ,/_'/_ -, Multilayer Cassegrain
_ .......,/ ..._ .J _._-2 Astronomical Telescopes

d,, nrea ()f instrument deveh)pment. The mt)st adv,_nced

npplicnti_ms ill this nren nrc t_) telescopes t(_r st)lhr
nstr._momy. Severnl s_)lnr observntions hn\,e been nlnde

I -_:.'.-_"1 using figured multilayer-.()ptics-bnsed in._trt_ments.
'[']le lilt)st StlCCessftll ()f these _)bservati()ns 7 were

In,lde with n pSetldo-(_711sse}-ri!in telesct_pe c()nstrtlcted

0 Iha_:e,.ingh. using multilnyer, coilted, st_per|x_lished, sphericnl, sub-(t I{r._g_._-,.iiltr,t tt'd I)t',lll/
•+I, ._2,:!-', (;r._tin_._,-dist,crsvdl/rage,light st,'nte optics. Images lln\,ing n high spntinl res(_luti()n

(-1.2 ill'CSeC) Wet(' obtnined with n spectrnl resoluti()n of



Sl'ction 1 • Inuovath, ls iu Analysis and Characterization

about 5 eV on a sounding rocket flight at the White This work was supported by lnstitllti_,ial Research &
Sands Proving Grounds in New Mexico. One of the Development,
solar corona images recorded on T-MAX 100 film is
shown in Fig. 2, Note that the solar corona is imaged to References
at least 1.5 solar diameters, providing new information
important t¢_our understanding of the sun. lt is expected 1. T. W. Barbee, Jr., Op!. Eu_,,.25, 898 (1986).

2. A, E, l,_osenbluth, Revue Phys. Appl. 23,1599 (1988),
thitt higher-quality images will be achieved at wave- 3. T. W. Barbee, Jt',, I,M,,Sci, hlstrum, 60, 1588 (t989),
lengths greater than 4.0 nm with similar multilayer nor- 4. J. C. Rife, T, W. Barbee, Jr., W. R. Hunter, R. G. Cruddace,
real-incidence Cassegrain telescopes in the near future. "Performance of a l\mgsten/Carbon Multilayer Coaled

Blazed Grating from180 to 1700 eV," 9lh lut, Conf. Vacuum

Sumlnary Llltravioh,t Radiatiofi Physics, 1989 (to be published in
Physica Scritita).

The research and developnlent results described above 5. R. G. Cruddace, T. W. Barbe'e,Jr., J. C. Rife, W. R. I luntel,"Measurements of the Normal Incidence X-ray Reflectance
show that the potential of multilayer-_'eflecting optics is of a Molybdenum±Silicon Multilayer Deposit(?d on a 2000
now being realized. Over a decade ago, when the first l/mm Grating," 9rh lnt. C,,nf. Vacuum LIItravi,let Radiation

' good x-rayand soft x-ray reflectivities were reported; Physics, 1989 (to be published in Physica Scrit;ta).
new and :reproved opticsand instruments based on 6. J. V. Bixler, T. W. Barbee, Jr., and D. D. Dietrich, SPIE Pro¢,1160, 648 (1989).
multilayer structures were envisioned for the extreme 7. A. B, C Walker, Jr., T, W. Barbee, Jr., R. B. Hoover, and
ultraviolet, soft x ray, and x ray. These extrapolations J, F. Lindblom, Science 241, 781 (1988).
were largely based on instrumentation characteristic of

lower-energy regimes, and it was assumed t.hat effi- Figure 2.
cient, normal-incidence optics would be developed.

The field has now reached the stage at which this Photograph of the solar
promise is being fulfilled, and new optics and instru- corona ai 1,O00,000"C,

mentation for these ranges are being developed. The obtained with thenormal-incidence,
most important technological result of our research is multilayer Cassegrain

that the instruments have performed in a manner con- telescope,7 The
sistent with the standard analy,;is of geometric optics, multilayers were

indicating that the multilayer structures diet not degrade molybdenum-silicon
and were deposited

their optic performance. Thus, neither the limits of spa- using magnetron
ria] nor spectral resolution have been reached, lt is, sputter-source,

therefore, possible and appropriate to seek diffraction- physical-vapor-

limited performance from multilayer optic instrumenta- deposition technology. 5

tion in the soft x ray and extreme ultraviolet



Analysis of explosives is an ongoing activity for many pro-
grams at LLNL. Not only are known explosives subjected to a
variety of analytical techniques, but new syntheticexplosives
are analyzed, tested, and studied in great detail. In addition
to methods for analyzing the parent explosive agents, methods
are needed to analyze cheinical binders, stabilizers, and impu-
rities associated with explosives. We have designed a program
to investigate new methods of explosive analysis.

Introduction ¢oi3trasi., our approach has been hl use tlrlique der{vati-
;/,at(oil schelric,s char make exph>sivesarid thoir residue

We* have initiated sttldies for detecting, trace levels of p.roducts llll.ll't, arlll_,llable icl (]C';/MS analvsis,. This new

explosives. A method is currently neeclecl for aimlyzii_g ' Iechnicluc, allows the sirnult.arlet_t.ls ideilt]ficatiorl tit

c,iv¢ir_lllrnt,lll.al Salrlplc.,s iii order Ici identifv c'xpl_Mves \,cry low levels of explosives, their dc,torlalion t:>lx_duc{s,

and their declination resiclues thai n3ay be pl't,scqlt truly arld tither illll)()lqal][ Ctil]]l_-_OtlllClsin complex rnixitlrc,s,

in c_mplex rni×t.l.lres at \,erv low concc, iltra.lions, The while tltilizing the high sensitivity and tiniciue anal?ii-

high sensitivity and specificity _t arialysis usin t- com- ca] spc,cificity of G('/MS.

l:,Utc'r-gl.i icicd,_as-chr<,naatog ra phy/lrla ss-spc, cqr_.lrn c,try

((/(_'/l'vlS) at-,l_>ears to rrlakc, ii a tool ideally suited for Experimental Methods
tlw iderltit:ic<ltit_n of explosives. I lowevc, r, (;C/MS

altlrle was initially dc, term(ned to be art analytical tech- Initial exD, rirnerlts with tTiarnirlt>trir_iirt>l:>c, rlzerle (TATB)

niclut, thai is n_t reaclilv amenable to tlaermally ur{stablc, stlppor[ out" prelirnirlary hypothesis. This exph_sive
allcl highly p{>lar ct):lll3titll3cls, c'anili)t be easily idel_tified cising ctiilveiil.i_.lnal c'hl"O-

iS,li pt._blishc, d inethods of explosive analysis a.ppc,ar matographic ted_niqties. 1,2.Ibelirnii)ary expc, rimerlts
l._.lt't.,lll.c'l" (rely on detc,ctiorl of the intact l_)al'el-lt Ctlln- hdvt_ shl_wil that a 1]t;'w clerivatizati_m procedure all_._\,\,:',

pi)lind, "l"hese metht_ds alnl_.>,'-;talways igntlrc, C(lll]- TATB hl be analyzecl rising GC/MS, This process uti-

l__liul'lds vc'i'v dissimilar to the parent eXl:>hMvc,, In Iii, es excess sodium dirllethylsult:t>xidc, (DMSO)as a

colnbinecl siil\,eili arid Sl.l'l.wig bi]st., tc)i't,i]lovt, the pl'li-

Figure 1. Bottom trace'. (;C/MS total ionization pl(li rot'is t:l'(llYI lhc' arrlint_ gl'Ot.ll__si.iI] 'I'ATIg. The strorlgly

.f derivatized TATB. Upper Irate', pl(li (if bias(t?solution is trealc,d first wilh excess ethyl ii_tlicle

only lhc molecular ion (ml: 42(3)til: lhc newly derivalized TATli alKt lhel'l wiih watt?r, atld the derivalizt,cl };_l'(Icll_lc'tsare
eOlllp(itlnl;I (observed al 20,5 nlill; chromatographic ecli_diiions:30-ill,
capillary, gas-ehromahlgraphlc ellhllllll; isilthermal eondillons: 7(l"C c'×ll'(Ic[t,cl inl_ a suitable si_i\,c.>nt. A llliCl'tl,<-;calo I'eilc'iitllL
for 7 rain, programn_ed til 30(f'c ai a rateof lS"C/min), rising italy a few llallt)_l'ilnls tit: material, appt,ars til be,

cornplete in 15 inin with mild heating.

'l"he reacl.ion seems til gOl].Ol'i]l.t' il nucletIphilic "I"A"I'I$

iI'I[UFII'IUC]idlO lhat l%'ac[,<-;easily wilh ethyl i_>dide accilrd-

ing to the l:l_llllwing schen3e:

R-NI I,-,+ Na--I)MS() ---_, R-NI I--Na _ , (I)

....--" _ _ -. R-NI I-Na _ -t-c, thyl-I ---_ I<-NI I-ethyl , (2)

R.--NI I---c'il_vl ---> I,_-N(t,tl_yl) 2 . (3)

We belie'rethai the 'l'A'i'l_>m_lc,ctlle is fully dt, riva-_k____u _.A_ iizc,d by lhc adc.tiii<_n elf six ethyl _l'(llll."_s. 'l'his may Ix,_1 __]_ J _J Itb..-31_ dtlt' ill I;mrl l.(i the strtlng c'lt'clrl_ll-willlctriiwirlg t,lh,c'l._

tj I{i II I_ 13 d I_ If, 17 1_4 I_l I -. .'" . .... 2li 2 22 tit lhrc,c' nilrt_ gi'tlUl_S S.yl3lrl)c,tricallv 131act,d tlrl [hl, al't_-

Tinw ((ni(li m,_lic' i'ing. 'l'his tlilitlHC' c'_lnliglliali(in all_vvs (hl, anlin(i
inllielie._ til Lmhavl' il_ wt,ak acicl,_,.



I:qgure I shmvs analytical results of,a IO-ng sample of miritw nitrogen-conhlining c(mlpotlnds ass_)ctateclwith
TATI:L The GC/MS tt)tal itmizatit:m plot (lower trace) the t'xph)sive residues genenlted a m()re accunlte finger-
reveals imptlrities and other compounds associated with print (_t:the h'ue parent explt_sive. I I(wve\,er, these rrlill()r
thersample. "l'he upper trace is a singh:! mass plot thai compounds are often completely.obscured when major
highliglats only the new molecular ion (m/z 42t_) of the amounts ot: prodtlcts derived fr(ml common plasticizers,
ethyl-derivatized TArf'l:_sample, The rnass spectrtlm binders, and m_derators are t.u'ese'nt, A new rliln_gen-
(Fig. 2)of the new TATI_ derivative reveals a characte'ris- specific analysis capable t_l pnwidlng additicmal finger-
tic fragmentati(m pattern and a unique and abundant printing clala durirlg (;(.?/MS analyst,s is rleeded.
molecular ion (base peak), which aids in trace-level mea-

surements of TATI.._in complex envinmmenial mixtures. Explosive-Residue Analyses Using GC/MS
and Thermal-Energy Analysis

Cl_emically Fingerprinting ,
Explosive Residues Wt, are currently builcling new analvlical capabilities

using thermal:energy analysis ("1"1:,,_),4 The new Tt!A

New techniques have also a!h_wed us to claemically t:in- instrumentaticm will identify only htltr)ge, n-containing
gerl._rint trace levels Of many conamon explosive residues, clmmaatograplaic peaks during (,C/MS analysis. 'l"he
Tlae experiments requirecl the detonation of 30()-g sam- goal of this vvorl< has been to lajghlight more clearly the
pies t)t"ptlre explosives, collection of smt_ke and particles, cliff:.,rences in tlae fingerprint patterns of nitn_gen-c(m-
ist_lation c_t:trace levels of organic residues, clerivatiza- taining ct_mpc)unds generated during analysis of trace
tion, and (;C/MS. "Flat,first phase oi: the work successt:ul- levels o1:explosive residues.

ly identified unique fingerprint patterns associated with IDuring 'T'EAanalysis, nitrogen-¢_)ntaining gas-
ind ividual explo,,aives, Figure 3 shows several (C/MS chrtmu'ltographic c_m'lponents are pymlyzed with oxygen

total ionization plots (if explosives that will bNtlseftll for at 70(1to 85()°C ha a small furnace, vvhicl_ genenates nitric
future work involving fingerprinting explosives in explo- oxides. Nitrogen gas is not pymlyzed. The nitn_syl inter..
sivc, residues and in environmental samples such as rnecliates are immediately reacted with ozone. A gas-
industrial waste, water, and air samples. 3 phase reaction generates cllemilunainescence at ¢_0()nrn

We have als(_ investigated a variety Of derivatization for each nitn)gen-c'ontaining comp()und, l.,ow-level light
schemes that appear to generate thc,rmally stable con> signials are easily measured with a higla-g,ain plaotomtllti-

founds amenabh.', t(_(.;C/MS and other types of chrt_- plier assembly, Because ali organic materials (inclt_ding
mat(_graphic analysis. One of the imptwtant discoveries solvents) produce only CO 2 and H20 as pyrolysis prod-

' rnade CItIIl'iIl'lg the c_._tlrseof this work was that major ucts, the detection system iS uniquely selective for those
arnounts of nonspecific explosive residues and sIide-reac - (:;C c(maponents that contained r,itrogen.
tion products were always present in the isolated exph_- _..........................................
sive residtles, This made identit:icatit)n of unique Figure 3. Total i(mlzathm ph)ts generated from

chemical fingerprint patterlas difficult, lt appeared that different explosive residues of smoke and
, particles. Each chemical fingerprint of explosive residue possesses

Figure 2. Mass spectru m of the new derivative of characteristics that may be used to identify the parent explosive.
TATB, A new molect, lar ion is seen al

m/: 426, and a unique series of fragment ions that appears to be i
) ) ' ,

characteristic of TATB is observed. The fragment ion al m/:" 380 Ixl X rt.sltltlt,s ' TNT rt,sidtlt,S

appears t(_ be the molecular ion minus one nitro group, i

ih,xat,llLvl_TATi. } --, N(L ,----

I) 'I'/VI'I_ v't,sidtu,s

=z 4(1 c)() , [II11 lC)() 2,-11) ' ,.,.LIli

/

I()(I

q(

24(1 2t)() 3,-|1} 3o() ,14(I '['hnp (I11il)) '['il_l_' (111i1/)
III/:.: ,

2i



The term "advanced materials" can be construed to As stated above, one of the major research thrttsts

inclucle conventional rnaterials whose perfornaance has within the C&MS Department is the synthesi s and
been significantly improved by a relatively ITlillt_l.'oiler- characterizatitm t_fgels al'ld foams, Although most {_f

ation of Stl'tlCttlre o1' composition, or it can be ,limited to this work is sponsored as WeapollS Supporting
the designation of truly exotic substances. We confine l,{esearch, the materials are not ctmsideved to be classi-
ouvselve!.; to the latter definition here, fled, As a conseqtwrwt,, several unclassified rises have

The reports in fhts section are divided almost equally been identified for them, including uses as filters for
between organic and inorganic substances, with pattie- thi., collection of cosmic dust outside the earth's atmo-

ular emplaasis on foams and gels. An ever increasing sphere, itasttlati_ua for homes and refrigerators, radia-
ntlrnber of appliC'ations is.being found for these rnateri- rien detectors, chromatographic packings, adsorbents,
als. The nunlber of journal articles dealing with them acoustic couplers¢ fretlueclcy doublers for Inset' light,
has rnore than doubled within the past year. and many other applicalions, The densities of these

C&MS Department research tllso continues on the materials are extremely h_w. For example, an Si(')2
electronic and atomic structure of high-critical-tempera - aerogel hasbeen producecl with a density ot:5 rag/cre 3,
ture (high-'l' v) ,_;tlperconductors; In addition to its inher- which is only about four times the density Of the earth's '
eat scientific value, this program makes another atmosplaere at sea level.
ctmtribt.ltitm to lA, NI,: it fosters considerable collabora- Aerogels can be made from either organic ta' inor-

tion, which broadens the l.,aboratory's expo,,_ure to the ganic reactants, and we pursue research within both
academic con_munity, sister laboratories, and industry, categories. The organics have traditionally had a clear

Macr_scopic superconducting properties are natural- advantage when a foalaa of low atomic number is
ly a reflection of the underlying electronic makeup of required, l-loweveb mtr recent development of a high-
each compt}und. In turn, the band stntcture is the porosity LiH-BeH 2 foam with tadensity of 30 rag/cre 3
product _f this chemistry and the material's periodicity, rnay challenge the preeminence of carb(m-based foams
Our research is aimed at unraveling the relations for low-Z applications.
between these variotls factors, We report on determina- We also report on calculations related to planar flmv
titres of the band structures of l_a2CuO 4, YBa2Cu3OT. 8 driven by surface tension. This research is a thec_retical
(YBCO), and NiC) rnade with angular correlation of adjurlct to the experirnental work being done on hew-
positron anr_il_ilation radiation (ACPAR). The data density materials,
shiny t:avorable agreement with our theoretical calcula- The C&MS I)epartrnent maintairls both theoretical
titres based on simph: molecular models, and experimental research in the field of fiber-reinforced

lt is well established that Tc is a strong ft lnctkm of compcMte materials. This year, our report deals only
the oxygen stoichiometry of YBCO and the oxygen with theory and does not represent the entire program.
ordering. Wtr made.theoretical calculations of the crier- The analysis described here generates quantitative ct'i-
gy c_fformatkm for the different allowable oxygen con- turin for the failure in slmar of fibers and r_l:the matrix.
figurations while varying the oxygen concentratitm. The goal of this research is to produce similar failure
Using such results, we computed the strengths of the criteria that do not retain the artificial distinction
critical pairwise interactions leading to an ab initio pre- between fibers and matrix, but account for the proper-
dicticm _f the phase diagram, ties of the composite per se.
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We have performed measurements of electron momentum
density using two-dimensional angular correlation of positron
annihilation radiation (ACPAR) in LazCuO _, YBa2Cua07_,_
(YBCO), and NiO. The data are compared with complementary
theoretical calculations and with each other. We conch lde

that molecular-orbital features dominate the measured electron
momentum densities.

lntroductioll Mc.Twntum integration directions were airing high-
syrnnaetrv sarnple crystalline axes ((1(10>anct (I ] ()>),

The positrcm-annihilation techniqtle can be used to The I.a2C,uO, l and NiO samples have been
study the physics of the new high-:l_csupercCmductors, clescriL_edelsewht, rc.,I--4The YBC() rneasuremer_ts
ACI'AR techniques have been used to probe electron were made tit.on an t.'iented mosaic of four crystals
lntmwnturn densities, A consistent interpretaticm of the (-_1x I x ,(16n_rn3), belc,issnc,r-t,ffc,ct rnvnsuremt:nts of
AC'PAI,_results for higlv.T c and related systems is the crystals before and after tile/\CleAR expc, rinler_ls

_}btainc,d from AC'PAI_measurenlents of high statistical showed 'l'c between 9[I and t_3K,.with AT :=_[1,5K,
quality perforrned on I_,a2Cu().1,YBCT),and NiO; t_ur I'_Mtmn annihilation lifetime rnt_,asurc,mer_tsmade tlt_xm
positrtm-lit:etime studies; prvlimir_ary calculations of thesc_sarnples showed nt_evidence ot:clc,t:ecttrappir_g,3,'1
the positron wave function; and tlworetical calculatitms
based upon a linear cc_mbination c_tatomic Results and Discussion
orbitals/natHecrllar orbital (LCAO/M())model within

the indc,pendent-particle modul. The ACI_AI:,elc,ctron-positrcm t,aomer_ttlm distributions
wvre qualitatively similar for ali the systums studied'

Experirnertt highly isotropic with no statistically significant "F:c,rmi
brt_,aks"due to partially filled band cxmtributi_ms The

We pert:t,'med mt,asurernents tm single-crystal samples l'liglalyisotropic nature ofthe distributit_ns suggusls a
{._t1.,i.-12(.itl()_ t, YBCO, and Nif) at room tt, l'l'lptq'i:lttlrt?, and significant, perhaps 80 tt_c9()%,"ct/rc!state" ct_ntvibu-
¢mNi())at 13 K, The sanaple-to-detector distance was titre, I-_ Wehart, stlcc'esst'tllly m¢_dt,led the small
t).(1111l'tw I.,a2CuO. 1nnd NiO, and the combined angtll0r anisc_tropic valellCt.,-electroll uontributit,_ t_tl_t, se distri-
rvsolutitm of the detect_,'s was 0.5()mrad; the con'e- butl_ms ttsing an LCAO/MO t:t,malisna in c_njunctil,a
Sl__,adirG x,alt.lt,s for YBCO weft: 11m and ().8()rnrad. with the inclepur_dc,nt-partMe m¢_clel."lTwt:,¢Mtrt_n
One milliractian c()rresl_v)nds tr)an t:lectr(_n-p()sitron wave functi()n in a Bl()ch state with Zel'()m()nat.,nturn is
rnt)rnentum ()I:I():_mc, where m is the electron rc,st n_oduled using a \,ariati_mal I_rt)ct'clt.lrt' which tt)rrnalis-
mass. "l"lac'l.,a2Ct._() 4 and NiO rnt,asurernents ctmsisted tically takes int t_act',.,.lnt thr, fairly l_walized elt:ctr_mic
_t 1¢-_tt_.5(Imilli_m ct_unts, about I(H c_unts in the peak cl_aractt,r t_tthf naatt.,rial and alst_ the relative affinity _t:
channt.1,in a 25_-_/.25__,square matrix with a bin width _t tht, F_tMtr_mt._the difK,n,mt cht,mical Sl:,ecit,s,l
(,,,'!18 mrad)2; Ii.' tlw YBCO mt,asurements,a 128x 128 "llw statistically significant anist_tn_picct_mp_.wnts
sq_.,r,: matrix was t_st.,dwilh a bin width _1:(0.38mrad) 2, _t the c,xpc,rimenial clistributic, ns and thr,it tlw_,'t,tical

ct_t_ntc,rFv_rtsart, in qualitativt, agrut,mt,nt. 'lTwir ,l_,_,l*t.,t,-
mt,ni illt_stratc,s lhc, utility _1:Ibis lneth,..t I_,' prodding



/............................................................................................................................................................. , ......................................................................................................................................................

suluctc,d ,,:lt,t,:llls _,'_t'Lhr.,il_turatt_nlk' t",C._lX,..litl_,in Ll_,sc, ?,, I', I,LA, 'l'ttrchi, A, I,, Wat'l",_,K, II, Wt,tzlt, r, Y.C' It,al_,

svstt, rns, I:t_tirt, I sll(m,s cln t,xample, "Hu., <lr_l_(ttr__t_ic,_ R, II, I Imvt,ll, M, .i, i;Itl._s,.I, II, I<aim,r, and I,LN, West,
I, l'hIl..;, c'A,I (in l,rvss),

in thr expt,rlmt, nral SlX,c'tra ruflt,cl, in thu rnairl, the Sl:,a- 4, A, I.,' \'V,iclis, I', Ii, A, 'l'tlrt'hi, R, II, I l(m,,t,ll, Y, (', lt,dh, ,im:l
tlal distrlbutlt_r_ of the eluutron and posltrtm chargu M, I, l_ItL_s,,,"hil._,I_.'_,,l.S40, I (ItJStJ),
dc, nsitius i"athur than the ftnu details uf the c,lectroillc ,3, II, 1I<l_hlght, .I, II, [<at,_t,r,S, I<,_vm,r,R, N, We_t, M, .I, I,'ltis_,
band strtlcii_iru, R, II, I ll_wt, ll, lt I!, A, Turcht, tk, I. W<lchs, Y,f.', Iu,lh, and

_/. _/,, _'k,/illlg, ], I'll,ll.<;, t"M (111 pre_s),

Conclusions ................................................................................. : .........................:_.

Fiture 1, la) l!xt,orlinental , and (l,I th0ori, tleal l'e.,d¢i-
(]til' AC_TPt\Rstticttt's show thai (1) tgosilron-elt,ctr_,ln ual ,_nl._oll'iq_ysuri'act,s fin' Ylia2Cu307,

anlaihilatitll3S are domtnatecl by Iitllac(lridtlcilurl ult, t'tl'Ol3S Thf, illillllellitllll lnt0gratl(lll dlreettim Is thf i' a×ls, TIw valul:s (if

in filDd dc,c,p-lyii_gbaladS, btlt thai the dc,tails t)t:the L?tl- I'x and I'y ranl4ehclwr:en 7i:21,8inrad (ai and-_.15mrad (bi,

() Mi) boricling tn high-'/'c rrlaturlals and rc,Inr;cd systt, ms
can bu t_bsc,rved, anti (2) the corltrlbutlt_rls of thu wavu (ai

funciiorl (.ii iiiu.probing positrilia 1o thc, t\CI'AR dislribu-,

ti_ils art, ilnporl;li3t arid norlirivlal, Such "ptlstt:rorl
\vaVt,-l:tlric[tol_" i.,['['ects must be' taken tntt_ acct_t.lllt; tri

futuru t\CI>AR sttidius, Moi'(: annihilatitm events and

hight, r-rusoluttt_n AC?i_t\I4 i11c,Ostlrt.,mi_,llis art, probably

recluired l_ corlclusivulv ustablish or rc,futu tlw c,×isturlce iii
_t_a I-'errrli surface in YBCO using this [ecl'lrlltltlt,, , Inl

'l'jlis 7l,{)rk i'lill.g SIIIj/IIII'IUIt l{11 _vlI'IIIjIilI_S ,t_ll/jljl)l'till_ I{t',gl'lll'C]l .... [ lill)l

<l_.t htsliltttim.lI I,_l'st'flrt'/i _'¥l)l'_t'h>/Jlllt'llt, I',

' Drlivt,rsitv of Tux,-Is, Arlington, "l't,x,
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We have pe_formed first-principles total-enetlgy calculations
for YBa2Cu30 ×zoith oxygen content x rmtging from 6 to 7,5,
The results of these calculations have been used to determine
the effective pair interactions for the oxttgen ordering in the
basal plane, The phase diagram calculated with these "first-
principles" patr interactions is in excellent agreement zvith
experiment. The calculations also clearly indicate the thermo-
dynamic stability of the double-cell phase,

Introduction Theoretical Model

The hlgh-temperatt_re Stlpercorlducttn' "I"Ba2CLI3() 7 has l,_ecently, de I:ontalne, Wille, and ct_-workel's have pl'o-

an unusual crvsta'l structure, with copper and oxygen posed a SimF, le m_t:lel to describe the oxygen t_rdertng,

at_,rns ft_rming o ct_pper-oxygen chain in the basal hayer, costing the problem in the form of ,ataequivalent Ising-
'The f(,rmatton tri:these chains leads to a structural tran- like spin rnt_del,2--4The sites available to the oxygen
sitiola from tetragonal to orthorhombic synametry atoms in the basalplane lk.'rn a s¢:luavelattice (Fig, I),
wlaich has been observed both in electrtm rnicroscopy If tlaere is an _×ygen attma on o given site i, we assign
and nuulrtm scattering. I The oxygen content of this that stte a spin oI = +1, while o vacancy on site j is
layer can be varied from nearly zero to about one atom assigned a spin tri = -.1, The I larniJttmhan I:(_l'this el'l:ec-
per unit cell by heating the material under varying oxy- tire spin system con be written as:
gen p0rtial pressures. 13ythis means, the structure of
the n'laterlal with t_xygen stoichionaetry v0rying ft'(.l_ II = Y',Viic_ic_i , (1)
the tetragonal 0(_phase to (Ihe orthorh(mabic 0 7 phase
can be studied, This simple experimental approach to where the Vs are effective pair tnteractltms (Ellis)
rnappir_g out the phase diagram la c(msiderably compli- betwet,rl the sites, lt is 0ssumed thai these f?,i_lsare
cared by the t)ccurrence of many metastable plaases, sufficiently slaort-r0nged st}that only the first tlaree Vs
which leads to uncertainty in the true thermt)dvr_arrlic are retained in Eq, (1): VI, the tnteractl_m betweer_

state of the system at a given temperature and oxygen neiglaboring sites; V2, the next-neigl_bor interaction
ctmcentratton, Since a detailed knowledge tri:the phase mediated by ta c(_pper at(ma; and V3, tlae next-rwiglabt_r
diagram is potentially (_fgreat t.lse in the manufacture interaction with no intervening copper at(ma, This
of these superconductors, we have taken a theoretical model can give a qualitative description of the phase
approach to address the cluestion o1:tlaermodynamtc diagram with an appropri0te ch(_ice of parameters, but
stability and to understand the physical origin of the it provides no indepencler_t means ot:deterrnining these
oxygen-chain ordering in the basal plane, Vis, and alternative choices for the parameters can give

qualit0tively different phase diagrarns,
Figure 1,

Q 0 Q 0 Q Calculations
Diagram of the basal

plane, Filledcirclesare "['llevalues of these parameters can be determirled theo-
copper atoms, Open (_') ./'_¢'¢0 (".-) retically using the Connolly-Williams n_t'tl_od,5 In this

circles are sites avail- , /_,_/ approach, we compute the t(malenergies oi orderedable to oxygen atoms,
.,v/Half of these site_ are structures ct ntaining different numbers and/(>r

occut,ted to form _ i ( _ .... 0 0 arrangement:-; of oxygen oft,ms in the basal lfla_w, We

c(_pper-oxygenchains i[ "_-_V=, .... _ then equate the calculated total ellergy with the modelforthe YBazCu307 total energy given il_terrns tfr VI, V2, and V3t:rtm_l;k1,(l),
superconductor,The Q-_) /' _) () and trace a suft:icient number (ft structttres ore c(naaputed ,pair lnleracthms Vt, V2,
and t/3 are indicated, | We COla solve the rest llting set of sirnultar_et_us equatit)ns

for the three inter0cl:i(m energies, The Linear Muffin

II (.-') 0 C] _ TinOrbital meth,,d laos been used t(, perform the U,tal-
energy calculatkms, The entire unit cell is inclt_ded in



Swli_wl;7 " /llh,,Ja'_'dM,t_w'i,h;

thr<,,,.4__,_.'_,ilt.'ul,lti_._n_sirwc,lhc,tolal c,nc,rgy.......,lj_i_.lht,nc_.,lI'lc lx_lh I"lavc,c'_Pl-,t,r-.{_xyl4_.,nt."l'i<llN.,4,,Irt.,I.',_{c,nil,lllvaiir,lc'-
stability {_1',l ,,.4l:rtlcltll'£........Is alh,c'led by b_tl_ Lhc unorgy {_1 ltvu l'llr t_nicllc41 hlgl_-'/' c,,ll:G:Hl_..<lll{_ns,l_t,c(itlsc, they
lhc,<l_.{_rn._In II'w basal i:dilnt.,and lh_.'lnt_,racth_t_t',.,lw_,.,n tc,n_.lto ll_L,_xy_.;c,n(<lhdStll_{.,t'cond_lc'tlvlly)i'ntlChIc,ss
lhu_c,_l_l ali lhc,_th_.,ral{_msIn lhc,sv._l_.,m,Hlncc,th_., r_,a{lily lhan lhc, rn_m.,c_rnrn{m Yl{a.:!C'tl:{l)7, I'ha.,,.,_C,l_-
calclllatud t_._lalc,n_.,q._,tc,_<lte_1:ih_,ordc,r c_l'I()()()14y,lhd arall_mirlll_ 1-2-3clnd CUl_l_ur-t_xy).enis a I_r_H_lem,
Lhc,inlc,rac'Lier_pal'am,..,l_:,rsarc,{mir _>1'c_rdc,r ml,h,,,a l_c_v,,_.,vc,r, <_l_.l<1Lhc,cfc,Ileal .'.4ltlctyc_l:the ll'_t,rmc_dyn<_n'_-
,qrc,atd_.,al{_1'car_._mu.,4lbu laku,n In ciet_.,rmlnlngLl_c,._c, lc'._{_1'tl_c,s_.'systOm_c'_._uML_.,vur.v tl_l_rm<lllvu.
1_ilI'i1I11L'LL'I'S,

Thu v,_lue_{4_l<linuciro,n, 'l'h;,_-.,_.'/,_l,.._;_lq_l_w'l_'_li_l/WC_ll_.ls5.t9_.'1i. %R_'_'.rch
• I/1 -..{_._ml{v ,_ul h_._lilt_ti_,_I I_,._cm'ch& l)c_,_.h_tu,c_/t.
' V, =: -2,4 1TIl_v

• I,I_ = l,I ml{v 'l'hv_k_ I)c,t_artmel_l, I:hu'lda Atlilntk Llnivel_ltv, Iltwa

V I i_ lhc, large, sl iii lhc, t_aramuti,r_, ai_cl tt_ pl_iilv_, I_,ll_,n, l:N1

_tgli iildh:'att,_ LIlilt the lIxy_t, ll aLItllllS cto li(li Lc,nel i_<l

I_CCtlpV laC?ill'l,S[-IlC,lgl'i[_tll' situs, Ghe'lal'gizIti_,'t' I/2 tc,rill Is References
lhc t lrlgiil til lhc ctlt_t_t,r.tlxygUll chain,.4; it_i111tlxy_Jit, i1

site, _i_ one, slcle til il t?tlIgpt,r i'll/irl1 [_ (_cc'tiplc,d,lhc ct_p- I I_,.I:ltg,t,l'g ,llltl 'I' M, _hill,% .g!_lid._glflh'I_hJl<i;42, 135(I<J_C;).2. 1")elL,Igliltalnt,, 1.,I VVIIlu, and H, ('. Mms, I_/i.Iis,I,_l'l,,li
t_cu'tu'bilal_ l lvbrtclizu, milking ti 1111_rt,tav(irabit, I_l put 36, _7/)<J(lUll7)

iii1 tlxv_t, I1 Oll lhc, _G_p_ilc,slc It, {_t lhc, tJopt-_t,r <it;oil i, 3 I T Wlllc, <lilt:l I). cit! i imiatnc,, I>llll:i, I,_'_,,1737, 2227 (lUHH)

lhc, Ix_ittvt, l i;_ _il,ql4c,sts <1i'ut_ulshm bc,lwt,c, il lhc ,1 1_I WilI_,, i\, Iltu't,l'il, anti I). cit, I:lmh_il_t,, I'hll<_,I_,l'f,,li'li

charge, ¢lt_tlcls oi nt,×l-i_t, igh[_t_r (_xygc, i; ilt.{1111_thai arc, co, lii(_ (lCre)
_ I W I)(.'tlnnidlv and t\, R Williams,/'h li:;, I,_l'_,,li 27,

l l(_l l:vmclud lhr(_tigl_ a cupt_ur at_m_ $1(J (I uN,3)
The, cillctllaittlilS inlnlc, dialc, ly tc,li tl_ lhat lhc clotiblc,- (, I_ Kikuchi, lihll<_,R_'l, 81, cii,lH(Ic)_2),

ce,li F>hamI with c,vulv SIJCillltI t'ill_l_or-o×V_c, il ch<_lil 7 Y Ktlbo <_nclli Ig,lra_lii, li/l li<J.RI'_, li 39, 725 (IcJf4tJ)

n'li'4sii_g, is thc, rn_t_clyllan_icallv <Mlblc, This is an i_, I{ I)Spr,chi oi al, I'hy<_ l_,c_,I'_37. 7",lh (lOiNS)

in_lmrtai_l rc,sl.lit, sinc'u ii is re'rv difticull t_ dislln_llish _,_.-_ ..........................................................................

c,xpurimunti_lly bc,twc, l,n a lht, rmt_dynan_ically stable Figure 2,

F,ha_c,and a h_ll£ llvc, d transit, ht (_r lllC,taslablt;! pha_o ztiillii ..............................................................

(ct_Lliamtmd clllcl _raphik,) I'kase dl,_14r,_mfor

The, F,ha,;e ctiagi'ain ill Iqg, 2 has bec,I1 c:'alctllatc, ct li'iii11 fila._Cll]OT_l/, calcu-

lhc'so' pilrallli![c,l°s t1._t11£the cltlstc, r vilrialioil mcght_d _' lai_,¢'llri'(;lll ii{e pair

l\_rt,C, illc, llt with t'×porllllc, il[ {iii' lhc, tn'tll[wllorllbic-lo- ll_ter,lcthlns derived
fl'(llll I}ll_ total-energy _ 2(illi} -

ttgragt_ilal [i'ansithul is t,xcc,llunt, c_)n_tclu,rtllg ii'ii1[ this is calculailol_s, The dla- _,
ii t;irsI-prii_ciplus calculathm with n<_fitting t{_c,xt_urt nlond,_t_ and square,ift x_ It'lral41irl'll

mc, ill The dl_ublu-cull t_h<lsl,, lilbuh'cl ()lt ll{i 11, is clc,ai'ly are experlnlental data _
_c,c!nai'tll.ind ()_, _, i/== ()5, polni_i,

I--. Ill[iii ^_0J,i f:_

i

Future Directions

"l'hu apl._l*_lac:h l.l_c_clhuru can bu appliud L¢_address the

cluusti()n t)t: thc, rmt)dvlaanaic stability t:_)l'a wholt, railgl, ii ..............l ..........I..............1...........[........
tH rc,latuct hl<qh-iun_l_c,raturc; _tii;_t,rct_llcltic{tlrs. In l_artic- (i ll.ll ii{, 04 ll2 li

,. " .... ) svstt r'ns,which u,i liar, lhc YlJa_Cu4C) _ and Y_ba,iC uTl 15

) ii



Organic Aerogels

Tile aqueous sol-gel polymerization of resorcinol witlt
formaldehyde results in the,formation of transparent gels that
can be supercritically dried to form aerogels, These new l,.;7_,-
density materials are tlte orga,ic analogs o.f silica aerogels,
with the advantage of having a lower average atomic number,





We.have developed lozo-density polystyrene foams, synthe-
sized from an inverse emulsion system, for use as direct-drive
targets in laser inertial confinement fllsion (ICF), These foams
have cell sizes of 2 to 3/lm, can be made zoith densities as low
as 30 ragcre 3, and have good wetting properties,

Introduction fuel per unit vtdunae, Clearly, the lmver the density of

the foam, the better, but our density specification _f

i.,aser ICl::is a pr_mllsing appn_ach to achieving a virtu- 50 rag/cre ,_means that 5% ;ff the v_dume is foam 01ld

ally tnexhatlsttble supply of ellergy by recreating, the l'Ulll/Allldel' is 19-'f'. "1"_contain the I)-T wlthmlt leak-

thr_ugh the ptvwt, r of the laser, the nuclear fuslr, n pro- lng, the cell size has to be approximately I t.tm. The

tess that goes _m tI'Lthe Still, The ftlel l'C_l'this process Is t'uslcm process requires strict splterlcal symmetry;

a mixture _f liquid deuterltlm and Irltiurn (I).-T) main- therefore, uniform density is a stringent reclulrenwnt.

tainecl 111the ItquM state at cl'vogelllC lemperattlres Though the foam is of very low clenslt._5 tt has t{_be

(~20 K), Ig,' the ft.lsitm tm_cess t_, vv_u'k, the liquid fuel strong enough I.o be machined oy m_ldecl.

must be held ill ii shape with Ilear-perfec[ spherical A StlCCeSSftll fush_rl process recltllrt!s a l:tlam with a
symmetry, and there must be a ct_ntatner capable of Imv at{mile number (/). Carbon and hydrogen, which

htqdtng it in this conflguratkm, are the backbone of _,'ganic polynler materials, are

/\ direcl-drive target design thai uses line-density prime candidates, An initial lnvesligatk_n revealed m_

I'Rl[ylllel' f_,nlMS hds heel1 develt_ped bv Sacks and suttable conllllerctal polymers, We have develtq._ed a
13arling I and is illustrated in trig, 1. This toanl is porous, krw-density p[_lystyrene foam made by p_qymerlzaticm

t_l' cq:_en-cellecl, and the liquid D-T should wet lt and fill of nn inverse emulsi_m system wh_se pr_q._ertles make
ali empty spaces iii __rdt, r 1_ maximize the amount of lt a go_d candidate for direct-drive laser ICl-".

Figure 1, ust, of a Iow-den,qlty, Iow.Z foam to define Experimental Methodsand ._tablltze the D*T shell allows an

aitracllve slngle-._hell, direct-drive target design, The foam saturated AI1 illVel'SC_elYItll.'41Oll,," is il ,'4ystt.'lll like IllOw, Hlll_.list:*{.H'
with liquid D*T provides both ablator and fuel, "I'l_eD-T vapor hl the " "
capstlle interior provides an lgni!ltm hot spob and tl_ecapsule mere- cold Cl'eil111, ill which IllO.q[ ()f the nlateriol in the llllel'llfll
br,me provides a vapor barrier to prevenl the D-T from boiling off. phase is 111the ['o1'111of droplets and the minor conlp_._-

nent is lhe external phase, which surrourtds the droplets

as a continuous and very thin [nt.erfilce. Two pt}sstble..j" la,w-denMtv, structures f_r these systems are sllown in Fig, 2, The

/" /_:_V.-- -/'' h,w_/t'oaI_{ salt_rated actual structure .tfr the inverse emulsion tlsed to make

,_ cases, ,,vlth some ofthe droplets k,eing spherical and
s_mle p_qh'hed ral,

t I__----'l --° I)''1'v''p''r As sht:wn in lqg, 2, the internal phase is water ctm-
taining, sudlum persulfate (N12S2C)8), and the exterllal

,, phase is an oil phase that Is a mixture _ff tw_ m_}mmlers,
stVrt, rle alld dt_ lnyll: tnzt m. (DVB), and an _il-s_quble

._..- surl'actallt, The stlH:actant is s_.'bitannumooh.,atu,The

o----_-..... 'l'lfin lm,lt'clive water phase constttutt,s 02 to 95% of [11{:,total material.

q,,,

illtlllbldllt After mixing, the t,nltllsiola Is heated to. 0(. l:t_l'24 11,

c,:ltlsing the Na-2S.20 8 t_ initiate polyrnerization _)f the

styrene fllld I)VB, Whell p¢_lymerizathm is ctmlplt,te,

ali the thin interfacial regitms have ft_rnlt,d i1 st_lit;l



. Y._'cth, I 2 . thh.,llcnl M,t_'ri, ls

F,_lystyrene material stlrPC_tllldtng the water drt}Plels, Lhat I:orcesa mtxlure C_l'Istq:mq-_ant_land water lhnu@l
(]yen-dryIng rem_Wes the Wdtt.,t',t'woduclrig a lt_w-den- the foams, removing vlrttlally ali C_l'these,Imt_urltk,s,
sily (50-80 rag/cre 31 material, l_'urtlwr details on lhe ()til' ability t_ renuwe thf surfilctarlt fn_m Liu_,
F,r_.:t,,dtlrus fl_r m,lklng this syslem may be fotlnd in p_lystyrene ft_anas led tt_ an appmacll thai was very
l,.st'r I'rl_,,r.lll/lllflllll[ I_._'1_.'tIt._85,5 sticcessful tn lt_we'rln/4 f_anadensltv while rnaintail_lng

the desired cell size, Increasing lhc arnmlnt t_fStlrt'ac-
Results and Discussion lanl in the t_il phase created rm_re stabh., emulsi_ns

with less tendency to coalesce and fl.'m larger cells or

Much _t' otlr early work with this system centered 'on vt_lds, I,{enu_ving this surt:actant and Its clect_rnt.xmitt_n
l'indlng the optirnum l'orrnulation, As with most emul- products after pcdymerization lt_wered the density
skin systems, the key tt_ this process is the surfactant, even further, 'l'llls approach eventually allm.ved us L_
'l'he surfactant stabilizes the thin interfaces of the oil aclaleve our target of 50 rag/cre ,_, We ctmld nt_t lt,w!.,r ,

phase and keeps the system I'mm ct_ah.,sctng into larger the density F,ast this point by this method, as the,,'e ts
droplets or from breaking lntt_ sepanate phases, Wt;,have ' ,lh upper llrntt to how mucla stlrfactarlt carl be lnc_rpt_-
l:t_tlnd that truly st_rbitan monooleate can acctmapltsh this rated irlto the oil phase witht_ut the undesirable devel-
sttccessfull)5 tlat_ugh the retlSt_laSfor Its tltaiqtletaess are t_prnelat of closed cells.
still not ctmapletely ttnderstot_d. Extending this Idea. we tried inCorptwating ethylben-

13t_thtlaet.'etical and experlmerltal studies have slat.,vrl Zetle, which is the norlpolynaerizabh., ctmapt_ttnd clt,sest
that the amount t_l'sorbitan rnonocfleate is also critical ' tn structure to styrene, into the oil please as a diltlent,
and that there is an lr_terrelatit_nslaip between cell size, After polyrnertzatttm, the same extracttwa procedtlre
densib,, and stlrfactant concentratitm, Lowering the cell was t'_ttnd to remm, e the etlaylbenzene, thus lm,vering
size t.' the density requires rntwe stirfactant (to stabilize tlae density still fttrther, "l'his ph,tess achieved a denst-
the t,ll ph,ase) bucatme Jt spreads more thinly as the cell ty of 3t) rng/crn 3, which was the ltmtt t_f this procedure,
size t_l'density drops, Tlaeoretical studies reveal a lower because the foam barely had entlugla rnechanical

lilllit of approxinaatelv 2- to 3-I.tm cell size ,at the density strength to undergo the extraction process,
that we require, where interfaces become lee thin to I;'igure 3 sht_w,._scanrttng electrtm micrographs _t'a
rnnintain ernulston stability, tt_am wtth a density of 50 rng/cm 3 and ta t:t_arn rnade

We have als_ investigated the .4feet o1:different rnixtng using interpretation of ethylbenzene with a density t_l"
devices tea the cell size _}t'the emulsion, Tb.e most effec- 30 nag/cna:L Ata inlpt.'tant feature of polystyrene
tire device is a developlnent of ours, based tm an tdea ft}ares from the standpoint oi:direct-drive laser ICl;' is I

frt.n J, M, Williams t_l:l.x_sAlamos National Labonatcu'v, limt they are t_pen-cel,led, with pr}res connecting the
called a syringe- punap, The syringe primp mixes by t'orc- cells that are less than or equal to 1 _tm in dtanwtei.
ing the emulskm back and forth betwuen t_,,vt_syringes The _pen-celled structure ot these learns leads to good
Ihrough a small (.'ii:ice, Wt' believe that the elongatitm of I)-T wetting pr_perties, The stze of the ptlres deter-
the droplets as they pass throtlgla the twifice causes thorn mines the wetting beh.vior,
to break til9 int{_smaller _.'ws, and the lack t_t:high shear _...............................................................................................................
keeps the emulsi(.a frt.'n breaking, This primp achieves Figure 2, Twuexlremes of ernt|lshm stl'tlcttl|'eshuwn
the h_wer limit _f 2- to 3-t.trn cell size, _;-s using spherical and plflyhedral droplets,

We have devehq;_ed a process t:or extracting impurities Geometric calculathms show thai spherical droplets must have a

fl'_lla tg_lystvrt:,lae t:(_alns with_ut damaging the strtlcttlrt' dlstrlbuthm uf sizes, while polyhedral droplets can be tlnlt:o"nl- - - , In size,
{_fthe It,arns, Broth t_,e initiatt.' and the surfactant leave

Spht, ric,ll ['_dvht,d ra l

dectmapcMtkm pr_}ducts irt the foam as undesirable Wdh, r tlrt,plt,ts watt,r tlr¢,l,lt'ts

impurities that ccmtribtitu extra mass and increase the - ' _ z- w,,.,,."--L II
at,,rnic numl:,er, X-ray diffractit,r_ studies of small crystal- L )(_)_,. _ ,_,,,,_<, /-o li

slat_wn that the Na2S2() 8 decompt_ses into a mixttlre of Na ;:s:,( )s )

Na2S()'I and Nal IS()'I' "l_lwse higla-Z irnpt'rities inter ferc' lJ_J_ " (_IIPha:_t.... 1,4 "-d
with the requirement of a tlniform low-Z material, Imixlure_,f __

Studies by I:_>uriertransf_.Tn infrared SF,eCtn_sc_._pyhave _,_._' lM._ _"'"<""', II
eslablished that s_mae surt:actant remains as sorbitan I)VB,and II

rmm,_¢_l,,ate, while s_mae ILydn_lyzes to ft.'na _leic acid st,,,f,wla.t_ I1 /
and :,_q:,it_l, Wt.,have deveh_ped ata extracWm apparattm
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Conclusions , 2, l!tlltlJSh)l!I)roC('ss [i_r A/lakhlg I:'(JaHt',;,Unih:verResearch
l,aboratory, I;_uropean l'atent (-_0138(Sept. 3, l c)82).'

i:'olvstyrene foams are good candidates for direc_.-drive 3..1. 191.Williams, "l'oroidal Microstructures from Water-in-
", ' ' ()ii Emulsions," l,an<_muir 4, 44 (1988).

laser ICl;. They have excelh:nt machinability and are 4. J. 191,Williarns and D.. A. Wrobleski, "Spatial Distribution
extrernely easy to work with, and polystyrene is known of the l'hasus i'/1Water-in-Oil I_,mulsi(ms. Open and
to have good radiative stability. The D-T'wetting behav- Closed Microcellular Foarns from Cross-lAnked

ior is quite satisfactory. The major disadvantage lies in l'olystyrenu," I,a,,gmuir 4, 656 (1988).
5. Laser I)ro,,,_ramAullual I_,ep(,'l 1985, l.awrence [.iv(.,rlllor(.,

the2- to 3-_.tm cell size,. Althougll it does not appear to
National I_,nboratory, IAverrnore, Calif., UCRI,-5()()21-85

degrade the wetting properties, it is virtually impossible (1_)86), pp. 3-18 to 3-21.
to achieve the very fine surface finishes (_1 him) that {_.Laser I'roy,ram AuHual I,h'p()rt 1986, I_awrence Livermore
may be required. National l,aboratory, Livermore, Caiif:, UCRIz50()2I-86

(I 987), pp. 5-2 to 5-1 1.,
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Figure 3.
(a) (bl

Scanning electrqn ,._,_;_,,.,
micrographs of
polystyrene foams. "'__
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We have studied the fabrication of h.)zv-density foams made
from pure carbon in order to improve several of their properties.
Efforts this year have focused on improving homogeneity,

. reducing cell size, and studying the factors thataffect surface
properties, such as surface area and activation. Understanding
.these properties is important to improving the quality and per-
formance of these foams. These studies will also increase our
general understanding of the .behavior of low-density carbon
foams characterized bl/small cell sizes.

, ,

Introduction , with ii variety ot: binders and lubricants, such as llydn)-

ph]lie \and hyd r()ph()bic l:)()lyt'tllyh..,m, waxes a nd stt,a ric

"l"hc' de\,t:,ltq.mlt.,nt ot: low-density t:oari-ls is inlp()rtant for acid, and (3) spray drying the substrate with a ctmli,wr-

a \'arietv of <lpplicatitms, such as catalytic Stlppt)l'ts, cial bil_del', such as [)()w Cilenlical (7()lllptlfly's experi-
ni]crept)rc)ii\ Illonlbr011t,s, and l/.lSl, l' t:tlsi(in targets, lllentd] cer/;inlic binder XLJS-4()3()3.* Se\,erni substrates

(.7'_ll'l.l()ll l:l)dlllS ll I'e pi_ieniial cand idates bec/.ltlSe tile), pl'eVItll't)d tr()n] o0c]l (){ these treated powders ancl pi't)-

ll0vt., lll&llV clt,sirablc, characleristics, sLich gis ct, li sizes cessecl inh)t:o0mS using siandaM pr(icessing techniqtles 2

l'Ollgillg fl't)nl sevt'ral [ltllldl'ed Ollgstrt)ill,q Ii) 3.q I.Illl, were e\'all.ldted radit_graphicallv f()r lltmli)gt, neity.

t'xcellc'nl nlachinability, and dilnensional stability. "l"he lt has I()ng bc,erl til(_ciglit Ilia\ freeze clryin_4 (!1"Stlpt'l'-

lechniquc' wt._ List.! tt)r nlaking c'iTirbtin t:()illllS is a replica- critical i.,xtl'ilt'ti()ll wert! the ()lily dryilaM technitlues thai
litre prtK'ess in v,'ilM1 an int)rgdlaic stlbslr,lte is inftlst,d led to suitable ct.,ll sizes. We lltl\,t' [:()t.llld, htv,vevc,r, thai

with a c<-irb()ilizilble t.',olynle r. I ,t\fttT cai'b(ini;/,ati(m, tilt, tile water tlsecl tc) leacil tile si-iii Stlbsirote COil bm'rt!lllt)vud

_,tlbstrate is rt'nl(_Ved by leaching and tile wt.'t foam is bv s(iilkillg the particles alternately in is(ipropantfl and

dried. I"(>,lnlS prc,pdrc,d in this lfldilllUi" 0ru l'etelTed til {IS ];retin. Aticr two such cycles, tile particles nrc, placed ill ii

replica c<lrb()il. The nl<lin pr()blelllS in replica C/.lrboll 4()"C c(invection ()veil and aliowecl lo air-dry (wernigllt.

.Mud]cd at I.I.,NI. in I cJS;,;lind lC)8t-)WC.l't, llonlt)geneity, This techniquc, was t't.'F_eatedI:()r i(innls i)f vari()us dt.,nsi-

t,ftrc,cls ()1:ct,li sizes ()li technicitlc's used I:t)l" CIl"yillg wet ties (35 and 5()lll_/Clll 3) Olld cell sizes (OVel'ilgt' ptwt'

lt)dnls, and SCll'l:ac"c'pr(ipcr\it's, sizes ()t'3 and 12 i_lm). ,N(mt.illiftwnl sllril'iknge dlld

crilckint_ , ()f tilc',';t., fOdlllS Wt'ft.' Sttld ic,d.

[xperinlental Methods We ch,lractt.,rized lilt, ,,;,tlrftlt't' pr(q__ertit,stillhc'st' high-
ly p( )l'ou s, rn icr{ _cellu la r l:l_aIlls, 'IL'cil n it Itles thai n/a v

'l"ht, II()na()gt,neity _)t rc,pl]cii carb(m is at:tt'cted by ninny reduce tilt' stlrt:/.lt;'t' area and degree ()t aclit, atitm are ()t

l,Tctl)rs, btil pt'rhi_ps lht., in(isl inlpt)rtanl is tilt, tlnift)rnli-- pilrticular initTest. N()rnlallv, tilt, cii').' l(_alllS <ire ht'atecl

l\' _t Ill(.' St.lbstr,/lc' tlSt'd in }-_rt,tgilrillitlil ()1 tilt, I(l/'lm. Ill in ,Ill illt, rl ,lllllC);;]2ht!rt' t(ll'. 2 ]l ,lt 1()5(l"(' in t)i'dt'r ii)
l_<_rtictilar, particle st,gl3,gation and aggitmler<lti(m ()t: Fed\ice tilt' Stll'l:dct' ilcii\,'ali¢m (ii tilt, C/.lrbiin. "Mlis treat-

tilt' t?l()l'e f()rnler <ll't' replit'att.,ci as dt'nsitv Mradit.,nts ill mt'ill prtidtlces ii t()Olll with a typical St.ll'l:Ot't' tll't'il i)l" .q()()

ltir' final t:(I/llll, ]')l'()ptW ]TIl't'p01"otit)ll (:ii tilt' particles lt) Ht)()lll2/Clll 3 thai abs¢wbs appr(:ixinlaleiv 14 wt'.:', W,lter

bc'l()rt, prc'ssiile, tilt' stll_Ml'<llt'_ iS nt'c't'ssd.ry. \,\lt' ll_l\'e <li ,lnll:lienl lei-npc,r<lturc! and 55<.;;rt, lati\'t, Ilun-iidilv.

: bt,t,n wtlrkiil_, with I<&VV I>i'()ctlit"ts tit Atibtirn, ('alit., ii) lixpt!rirnt'nls wert, ]:_t,rftlrint,cl 1o dt'lt'rnlint' wht.,l]lc, r

t'x</illinc' <l vnrietV (:it s{dndilrct p<lriicie prt,p<_r<liil:in tech- thr, st]rf<lte, 0rt,il Ct:it]Icl ht, rc!cit]ct,el bv t,xp0stirt, lt) (,ilht,r

llic]tlt,s \.]st.,ctbv the cc,ran_ics intttistrv 1()inltT)l't)vt, lhr higllt,r lt'lllptT,.lttll't's (lr/.1 rec]tlciiig tit nl()!-;t_[lt'l't, dtlring

l_lUll_)_-t'nc'itv td c'(_nlp<lc'ts, pyr(:ilvsis, (ii" ,i ct)nlbinali_)n (:ii b,.)th. I;'_)r the firsl lt'sl,
'l'hc' l'ilw ._tib_tr<ltt;, nl<llt'ri,ll, wilM1 is -.4()()int'sil s_:itli- I_\'_ ft)li]ns wt,ix' t'acil divitlc,d iill()halves, ctt'n(flect i\

tim chh)ridt,, was _tlbjt,clt,d t_ <lV<lrit'lv _:it-tre,ltn_t,r_i_ in anti I_. "l'ht' i\ h<ll\'t's wt'rf thr,ii ht'</i--I re, lit,ct t.isin_ Ilmr'

,_l_,lIlt'rllpt li)irrlprt)\'t, its fl()\v,lbilily pril)r Ii)t't_nlp<icli()ll. stanctaM lt'chniqtlt, dt,scribt'tt <lbt_\'t,. ()lit, li half was

'li/is inc;luctc,ct (1) ni]ld sirll(,rinb, , </ncl b<l]]-nli]]in_ 4 I_) ]lt'<llt'd <il t;(Ir 2 h <_l12()()<'(' in <l t_tii't, argl)n ,ttillt)Sl_llt'rt,
ilwlt',l_c' lhc' r()tilldnt_,s, _,(lt lilt' s<,lt grrlill% (2) drv bh.,l_ctint_,



q

Sectibn 2 • Advanced Materials

while the second B llall: was heated for 2 h at 1200"C ill Although tile heating of the foam in an arg(.m atmo-
argon containing 5% hydrogen. The second test was sphere at 12()0°C had basically no effect on either surface
performed by heating several foams for 1 h at 2200°C. area or water absorption, whefl 5% hydrogen was pre-
Following heat treatment, the weight gain was deter- sent, the resulting foam absorbed only 5% water as octal-
mined after exposure to 55% humidity for several pared with the 14% absorbed by the control samph:s.
hours. The surface area of each sample Wasalso deter- There was no significant change in the surface area of
mined by gas adsorption, this foam, indicating that water absorption probably

. depends on the presenc e of active sites that absorb water
Results and Discussion and thai are destroyed in a reducing atmosphere, The

part treated at 2200°C was also more inert, absorbing a

Homogeneity. Neither sintering nor ball-milling the sub- negligible amount under ihe 55% relative humidity, The
strate powder proved to be of any value in eliminating surfacearea of this part was reduced to 35 1112/C1113,

localized inhomogeneities. Not oniy are both techniques X-'ray diffraction indicated a small but definite presence

too slow, but tl_e tendency of the substrate powder.to of a graphttic phase in this s_i_lple.
clump and agglomerate interferes with both techniques,

Dry blending with variou,; lubricants and binders was Conclusions
alao tmsuccessful, because dispersing the binders was

difficult without agglomeration of the binder or the salt. The quality of replica carbon foams does appear to
Foams prepared by any.of these techniques had inhomo- improve with proper treatment of the substrate powder
geneities worse than those of the control samples, prior to compaction, In particulab spray drying with

Spray drying the salt appears to be the best method Dow's experimental cerarnic binder, XUS-40303, provid,
for minimizing segregation. During spray drying, ed foams with lower density gradients, fewer cracks, and
individual substrate particles agglomerate into large fewer localized inhomogeneities than foams prepared

(100 Mln) prills. The size distribution of particles in a from untreated salt. Spray drying was also preferable to
prill is approximately the same as that in the overall sintering, ball milling, or dry blending other binders into
mix. Therefore, any prill segregation that occurs during the salt. The parameters used for spray drying the salt
compaction is irrelevant to the overall homogeneity, need to be optimized before tlie process ix adopted for
Furthermore, the prills do not clurrLp or agglomerate fabrication of high<luality, low-density carbon foams.
prior to compaction but flow smoothly into themold. Although development of the faster drying tech-
Because the ceramic binder is burned out during sinter- nique involving exchange of leaching water with iso.-
ing (the remaining residue is in the parts per million propanol and Freon makes a significant impact on the
range), the substrate is basically identical to, thougla more ttm:_around tilne in converting a substrate to a foam, it
uniform than, the standard, nonspray-dried substrates, is lirnited to higher-density foams (>40 mg/crn3), ' Also,

The yield of substrates during pressing is improved this process requires the use of an environmentally sen-
with spray-dried substrates. With untreated powder, sitive chemical (Fi*eon) and, thus, is unsuitable for fur-
substrates ¢fften delaminate and crack as they are released ther development.
from the mold. Also, untreated salt often shows gross Both surface area and activation of the carbon can be
density gradients throughout the substrate, sometimes as controlled by proper heat treatment of the foam. This

large as 15%. Spray-dried powders seldom crack during fact is of interest in identifying potential applications
compaction or show densities greater than 1%. for this material. However, unless a dernand for more

inert carbon foarns ix expressed, no further work is
Drying Techniques. Foams with cell sizes greater planned in this area.
than 3 lure survive air drying after' solvent exchange

with Freon. However, below foam densities of about This work was supp(_rted by the Weap(ms Program.
41) rng/cm 3 the parts warp or crack when dried with

this technique. Parts of lower density must either be *XUS-4()303is a trademark c_fthe l.)(_wChemical C(mlpany
supercritically extracted for 2 to 3 days or freeze-dried for poly(2-ethyl-2-oxaz(Hine).
for 7 days. Very low-density, replira carbon foams are

unable to withstand the forces associated with air dry' References

ing for any cell size examined to date. 1. R. W. l'ekala and R. W. ! lopper, "l_mv-Density
Micr()cellular Carbon l_'cmms,'' ], Mah'r. Sci. 22, 18411(1987).

Surface Properties. The heat treatment used to convert 2. I'. K, Shell and S. S. Itulsey, 'l_'(qm(d(_yVhmsfi'rNotes.Ii,"
the activated carbon to a more glassy phase has a dra- ReplicaCarbon, L,awrence l,ivermore Nati{mal Labc_rat_ry,
matte effect on the surface properties of these foams. IAw,rrnore. Calif. (in press),
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We have developed methods .for making silica "aerogel, mono-
liths over a range of densities from 0.02 to 0.6 g/cm a and have
characterized their microstructures and measured their

mechanical properties.

lntroductioll that uses the c(_nlpound tetranlethuxv'-';lane (TM()S)
and a basic catalvst (NI l,lC)l l), the re;_, t_nsare

We are de\,ekq_ing porous silica' glass by a sol-gel process
t(_ tm..iuce materials useful t'{_rnumer{_us applicati(ms at
1.1,NI.. This t:,_)r(_tlsglass material, called "aer(G(_,l" Si((.KTI 13).l -t 4112() !-N--I-2-'-_--)-I-I->SI(OI I) I + 4Lll 1:_(.)1I
because it is m{_stlv,air, iu commercially available in a lira- (I lydr(dysis)
ited ran,u,eof densities. %/(_,have extended the range (_t:
densities t:rc_m_,_-)':;v(fid v(_h.lme (~0.()2 g/'cm 3) [o 73'7,, Si(()l 1)I NIht,_ Si(.)-,+ 21I,-,(') (Cond(_,r_sati(m)
\'{_id VOlt.llllt' (_'(),(')() g/C1113),

A large ,,'{_idv_)lume, ahmg with the extremely small Spl._,roMal macroparticles, gr{vvvr_fl'{.n c_ndensed
I..(m.'and par[icle size in the glass, results in s_mw very silica, link t_ form a,p(m..Is, Skeletal rnicrostructure sur-
tlseft.ll pr(_perties. I-:{."example, bucatlse it iu made up r()tlllded by the alcohol sc_lvent, Typical part Me sizes
mostly _1 air, aer{Gel iu an excellent thermal insulatur, range t:rorn 3 to 8 nrn and void sizes t:r{)m30 to 1[)()nra.
\,ct it is alrm)st as transparent as full-density glass. l'hu The gel is then typically dried in an autoclave by st_per:
silica s_Hidsare s()t:inely di.qtributed withir_ the bulk critical fluid extraction of the s(Hvent, leaving a rn_m()-
mal(,rial that it is especially homo qeneous. The refrac- lithic, air-filled aerogel, Supercritical fltlid extraction is
tivc index for aeroqel is very near that of air; thus, aero- needed to prevent cracking cau,-_ed by (he large capil-
,_cl can be, used t{}rapplicati(_ns wquiring a rninimurn lary forces thai tend t() collapse Lilt,gel's strt'lC[tl['e, The
_t ruflecti_)n at Lhc air/gla:-_s interface. Als(), silica made reaction rak, s for b()th the hydrolysis and ¢(mdensaii(m

by Lhc s_l-gel pr()cess is inherently pure and can be steps _llld the microstructure of the gel depend str{mgly
naaintained as such when further proc_,ssing converts it t)n pl-I througla the influence tfr the catalyst. 2,:{
I() full-density silica glass. Tlw monolithic aemgels made are limited by st{_i-

"H,.'su and {_ther pn_perties have resulted in its use in chiometry _(_a maximum density of abCmt 0.27 g/cre 3,
such di\'(,rse applicati(ms as {hel*rnal-panu windows, Ixm, densities, achieved bv dilution with mow solvent,
(.'crenktw radiati(_n detectors, ac(_ustic c(mplurs, hyper- are limited only by the long time needed for gelation of

vel(_city partMe capttlru media, and catalyst sLibstrates, highly diluted solutions.
(.'()nsiderable research is in progress t() understand the ()ur rneth()d for making aerogels with densities high-
s(H-gt'l-t()-at:,r()gel prr)tess and tt_ study its extension to er than [he stoichit)metric limit t:ontr()ls the shrinkage ot
glasses t)thcr than silica, the gel during extraction bv varying the amo_nt of basic

()ur main interest is the strength of aerogel at low catalyst used in the above reactions. The catalysl c(m-
density. We deveh)ped tw()meth_ds thai extend the centration affects the size of the primary silica particles
dcnsity range t() suit (mr needs: (1) contr()lled shrinkage and the strength of the b()nds between them. We have
t() (4q.ain higher densitiu!% and (2) use (ff precorldensed t:(mnd that the overall shrinkage fr()rn the wet gel I(_the
silica t_,"b()th low and high densities, aenGel is inversely related tc) the catalyst concentration.

Thus, high aer()gul densities (tlp l(_().6()g/cre 3) are

Experimental Methods achieved by including (rely very low c(mcentratit)ns ()f '
basic catalyst. Even though s(_ little catalyst is used,

_I'he c(_mm(m s()l-gcl pr(wcss tt_r making silica aer(}gul gelati(m (wcurs within l'e_.lS()lli/l_h,times (typically sever-
inv()lves the hydr()lvsis reactit)n (.)fsilicon alkt)xide al days) because tri the high c'(mcentrati(m ()t"TMOS.
c()rnp()unds with water and lhc' subsequent condensa- Wt, have determined {Ii]] empirical t()rmt_la thai pre-

ti(m reaction when the hydrolysis pre,ducts p(}lymerize, diels tlw final density (_t:the aer(_gel within a density
l!ither acidic (_rbasic catalysts are added to stimulaLe r,:_llge ()t"().()5 to ().6() g/cre 3, Jtlst tw(_ variables, the
the reacti{)ns. I:()r example, f()r the c_)mmercial pr()cess I
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ntlrnlx,r_._I:m_ll,sc_ll::_._tl__I'N,I()Sand th_,catalyst,are tr,,nsnlissic_nf.,h.,ctr_,nn_i_.'r_,gr,llH!s(,Ithrt,t,_it,r_g(,Iswith

m.,edudh_d_.,terrninetlu.,d_.'nsitvtlnd_.,rcc,nditi_n_in dil'l_,rL,ntd_.,nsilit,s,'Ihus_.,v,,4.,n,m,ld_.,tlsirlgth_.,_,_rn_.,

which thr_,water i._.in a cunstant rati_ with n.,gard tt_ m_lar n'ati_s t_l:c_nstituents (().,-13_I"M()_ ' I. 1 watt," ' (),5
'I'M(.)_ and [lw biltch v_ltl,-ne i_ ctmst.ant. _l'he relati_._n i,_ methane.d) but with diffi,rL,nt catalyst c_._nc_.,ntratit',_s.

'l'hu ,_vuragt., parlicle dii_melur _btainud i_._r_.,,__'1_
l)n/2 .... .,.24()".... + 42.22(-//'- 1.HH,...C_.....I + t).().,,(..,(.72 , _am[',le is Sh_w,,,n in 'l'ahlu I. '/\lst_ sl_._wn are tl_,.,n,stllls

t:n_m t_,,,,(_t_thur tyl:x,s t_t rn_.,__surem(:,nts thai c_.;nl:irrn dil-

wlwru 1) is the aun_gel bulk d_.,nsity in rug/cre :_,'/"is Ll_u turL,nces in th_., rnicr_._structurus _._1:I:llu three aert_-els.
nt_n_ber _._1m_._lesof 'I"MC)_, and C is the numb_.,r _.H 'l'he .,._L_rfacua re,._within the bulk material, as mui_sured

rnicrt_m(_l_,s _1 NI I.iOI I. b\,nitr_g_.,n ad_(_rpti_n, c_rrelates _.'_l'l'_,c'tl>,witi_ patti-
The density range .is alst_ uxtunded by c_.)ntrc>lling the ck, size. "l"huHuantity (..)2is (_t')t_.IlinlL,dt'l'C)lll I1LICI(.Mr lll_lg-

reacti(_ns tt_ t_._rma F,reh),dr_._lyzed, partially cc_ndensud, netic rug(,nance sU',,.,ct_:aof dry, F,_wden'd ann,gel and
sl:able s(_l that is subsequently t:_r_cuss_.,dt_ fi','rna gel, 1 n,llects tbu F',ercunt,:_ge _._Fsilic_n atoms within the __'i'__-
l'his c_._ndensed silica can be t_sed as a precLirs_r i_,_r gel sample that have _nlv t,,.,,,t_sil_x,_n'_,,.,h_,_nds, 'l'hes_,
vitl'u..,r(1) high,-derL_ity gels bc,ci_t.lse it is ,'_c_>ncer_traLud . are inturl_reted as silic_.m at_._ms in the neck l",_.,t_,.,,'_.,_.,_.
fi._rm _._tsilica, _.,' (2) I_._w-density gels bucause it can be lil_ked spl',.,re s, Thus, a higher C)2 .value sLl_-gests a
reaclilv dilutud, vet it is alreadv t:',artially ct_u.ien._ed, s_._ highur d_.,greu __tno'tic,ing and a stn_ngur, higher-dur_sity
that the time t_._gel is rat.",id, material. 'l"hc.,,'..;urneastlremunts are ali c(_nsiste.Ut with

We make thu c'(._nden_ed silica by fusing a substt_i- KL'eler and gchaeti_,r"s th_.,t_ry_ regarding thu rnicn_struc- .

cl_i_,_metric ann_n_nt _,_1v,,atc,r and an acidic catal'yst in !:un., t_t base-catalyx.ud silica aen_gt.,l as a netw,,wk-likt,
thu l_ydrol\,'._is ruacti_._n, tl'_el'_n,mtwing ali (_t the ruac- .............................................................:............................................................................................
ti(_n-pr<_duced muthar_l by distillati(u_. A n(mah:('_l_tH Table 1. Ciorr_l:h_ris(H'_nf micr(_structuralprot'n'rtles
s_)l\'ent (u.g,, ,._.'_.'t(_'_.'(>ruther) is added t_.)the c_.,_cen- of aerogels made with different catalyst

tratud stHuti(_n h>F_re,,..'er_tfurther c_.;nciensati()n and ¢(,'_cenlr,'_ti(,.s,

_.,elatit_n duri!L_ stt,'a_._,u. Ave,'agt_
particle Surface

Results and Discussion s,,.,p_, Nll4()H IX,,sity diamt, t_,r ar_,a _)_
No, (HA'I) (rag/cre 3) (nn_) (m2/g) (',_)

The micr_structurc, ('_1silica aer_._gt.,ls,resulting Ir(im _.'t_l_- ....................................................................................................................
tndh,d shrinkage, through variati_._ns in b,_sic catalyst T'I'(,3-1-.I 17() 3()H ' h,.I '_7,1 r:,,I' 1"1Y',-I-,1-I() 12() 33() _."_ _2() _,;g

c_,n,.'entratit_,ns, sht_,,.vsdistinct i:,article-size di f[erences. ,i..i,(;2..3.1_, I() .13h {._) (_T_7 7.5

"l"hesu d iHer,.,nces c,1n Ix, seen in l;'ig. I, w hich sl_w,,'s .........................................................................................................................................................

F.igure 1. 'lransmissi(m electron micr(_graphs (_f three silica aer'ogels wlth, dift'e_'ent particle .,dzes, I,eft t. righi sh(_ws Im,ver
de_sity/lar/4er parlicle ._ize to higher density/smaller particle sizu.

(a) (b) (_)
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sl.rtlc;[tlruolic_mlpactc'L41oidnlI:>nrticleswh_c' slrun_lh ll!l., rnrl_u oi:nvnilablu clc.t_iliu__[ill, ttlrlht,r, 'l'hu nuw
is dc,rivud t:rc_rnliiu du_ruu{_1c']tl_tt'l':.lll(_ll(lmuI ' _l'(_wth runic,rials made,,nvnil_ibluby _tlr w{_rknrc,in dc,tunnel
and cross-linkin_ by tl_{_sustudyinlz, I:onmmicr<!slrLacttlrc,s¢,r thu F_r_q:_c,r-

1liu,h-dunsity ac,r{,qc,ls madu usinq lieu tnrc,l'_ydrolvzud, tic,s _1:tl_u.,.-_c_unustlnl maturinls nm:lby tll_.,sc,u_inq nc,rL_-
t:,artinllv condunsud muth¢_cl_l'l{,,.x,an uvun nn¢,ruhiqlfly _qc,ls in c,stnl_li_hud _n'nuw ,_l_plicati{_ns.
ccm_pactud n'_icrrt)s[r[lctureand nrc stronqer thnn the,su
_btainud l:mmoriu-st:c,pTi'Vl()£hydrolysis/c(mdc,rlsatiorl. 'l'lti._.,_.'k .,_r_._lll,t_l,rh'rlI_j/I,_I_n_Fnnll_ll_l I_i/N/XS/X
I::i<u,ure 2 sh{m,sthu c'orntnrussivemodulus tri:b_th [),pus Itn_hw'i_ll_'r_ts('_l('/n'sl'zzn'h_'_wtln.'lII,_I'WIII_'III5,

ot:norop,c,lswith ruspc?ctto dc'lTsity.The,tactor-_fl-3
inc:ruasein modulus l:(_rthucundc,nsudsilica aeroqc,l is References
al tribulud tu its rnoru cumpactedn_icn_structure.G"hu,_e
dnl:nnlst:_show thai lhu mC_cluitl,_oI:silicn ac,rc_c,l,_cales I.S. I funningand I,,S\'un,_s_m,l'/l,llS..qrril_hl 23,(+iS(I _)142).
with nuarlv ihu 'l:_iurthpm.vet_fl:dunsitv, sOthal [he 2. R.K. llur,"l'lwC'h_',,ni_Hrg_,l,qili_'_I(WiluvInlursciuncu,Nuw" ",i,rk, Iu7_-_):
._trun,qihsot thu lfip;her-densityaurot_(.,1,_aru rnoru ,qlass- 3.1),W,Scl_nufl.,r.,,qci_'m'_'243,1()23(lU_,.}),,
like: than fl_am-liku, 4, G',M, 'l'illuts_m,I,, VV,I Irubusl_,nnd I, M, l'hunirl._,/VhH,

Wt' hn \'u sUccusst:LI lly madu i_c,ro,qul t:oams wiH_ den- l,C_,._,Soc, S/lUl_, I_n_c,121, (-_N5(1cLaN),

sirius as low as 0.02_/cm _usin,,:,thu ccmdensudsilica 5, K, I), Kuulurarid I.),W,Scllnut:ur,/+/IllS. I?._'_',I.,HI,56,
mutinied. Whilu thu primary silica 13tlrticlusizu in thesu 237(_-,(IU,'4(:,).
aur{_qelsisxiill lc,ssthan I()nra, thu v_fid sizu i_suvural
hundrud nnno_,_uturs,so thnt theseaerogelsare n_ Figure 2.

l_)n.qu,._,F,tic3llv tr,_nsl:_arent. A tnlnsili()n t'r(m_trnns- ll)t_aI J

, . I()()

|_Lll'L'll[ [(I ()F_ICILIU ['t)_llll ()CCLIr_J:or clensitius J(?s.,4[Jli.lll (i_mdun._e_ltj/ - C(m_pressive modulus,

about (1,()4 ,q/cm 3. 'l"hesu Lill:ralm,v-dunsity l:oams aru I- ,41k.aca4/az _] for two lypes i,l' silica

L-- I
ivpicallvhi,qhlvelasticbutvurvweak, llavin£amodu- # I()() = I() '
'tis r_c"';°hiv I0 t:_si' _ i /_ I _

Conclusions _
I() -'-" oo

"l'wu new rnutl_odscan now bu u_c'dr_ul:inuly iu maku ._ '- I
hi_hlv p_m_us silica aur{_p;c,1loams over all uxtendud _ , ,_
ran qu (_t dc,nsilit?s li'()nl (),()2 [(i (),(")()g/c'nl 7{ An unlt:qri.- _. _,

cal t:tirnll.lia durivud trt_nl a statistical StLiclv ()t: ()tll" pro- _ I (). u.cuss[_rc,dic'tstl'lc,bulk dumdtv t(_within 5 puree,ht o1a
Inrqet dui_sitv in the I'tlll_t;' (ii: ().()_it) (),h() _/C1113, lls cise
t,liminnius thu itc,rnti\,c,];_r()cc,ssI()rn_urly nuuducltri pr()-
clt.icu _l_c,cil:icdunsitius, ii. I

"l'hc'condul_',-_ed-silimamelh_d hnsall{_wud us to I(il) . Ilill(i
l'l'i,lkt' 5(1"t111_, l_i,qh-dc'nsitvaeruqulsas we,II <ishiqhly I)un,_iiv(liltt,/<'lll tj

tr, i I1_}:_<1rt.'ll [, t lllr<l](iw-d ensi [V <lt!ro<quis, Va ria [ions tit:

lhis mc,third<ll'Cbuinq studied ils n lllt,{ll'lSt)J:extculdin_



We lla_c developed a foa111of Io'_l_dCllsit!i alld 11i_11t_or_._stt!t
.h'om LiH _111damoqU1ot_sBell 2, This foam has at_l_licatio,s as
art x-rait scatterer il1 pl'ot_osed space Inissiolzs. The de,sil!/ of
the foam/'_./t/,_esfrom 30 to 670 k,_/m,_,arid its porosit!t is as
Izi,_has 97 percettt; The pol'e-size distrib111ioll is Celltered Oll
400 I111Ifor foallls of 69 to 77 t_erce111t_orosit!t, atld Otl 4 !1111.for
foalns O.f97 perceltt porosity. 111addition, abollt 20 perce111o.f
tlle pores i, the latter are h.lr,_erthat1 130 p111.Hydl'o_etl alld
orga,ic compozmds ilz tlle Bell 2 are e_oh_ed ctl_rin,_,the foa111i11,_
re;lctioll alzd apparently provide the force ileeded to expalld tlle
phlstic reactiOn nzassilzto a .foam. Ttle presence of LiBeH3 as
either a reactio, intermediate or final prod_lct is Sl_,_gestedby
the .fact tllc_t tlle most _,orol_s foamillg OCCl_rswith eqt_illlolar
mixtures of LiH and Bell z.

lntroclu¢tion I'_ n_,lkc,.I,il {-1,_,1!;; f_),_m, w{, mix ,_nd gi,il_tl lh_, tx_w-

cl_,rc,d r{,,l_4_,l_l_, l'h_, r_,._illtinl, IX_wtl_,r i,_ lh_,l_ i_r_,_,tl

\'V_,.h,_vc, cl_,,,'{,l{_tx,_t,i li_w-d{:l_i'iv _lid t_<am n_,_d{, tr_m in ,_uni,lxi,iI _'l_ml-_,_'ii{_i_ di_, with ,_ hvdr,lulit t_r_,_ ,_t
I.il I ,_nd ,_l_>rl_h()ll._ I'k'l I.,. l'l_c, t_(,)'l)._iix' t'<ln Ix'v_lric,cl -,t,?.. . ., ,, K ,_rld l.l() IVII',_ it)r I _ rain tc) t()rm <_tx,ll_,t, ll_ th_,

Ir<)i_ (I t(, l-)(_t_.,rc't,i_l, ill,ct tlt,ii_itit,._ <irc,,l_ l(i_v ,l_ .3()k_,/l_l _'. Iil_,ll _lt,l-_, tvt, h(.,ilt th_, t_,llc,l li) J7H K <li B t()_l K/mil_,

l'hi_ in,_lt,ri,ll i_ ,_li'_lil_ <'irlctrrl,lc'hil_,ll._lc', t,vt'il ,.ii c)l")t_c'i'.. I_lct it ,_l 47_ K tl_r 1 h, <lrltl t'tllll il (IVt'l' "| h, l;ll,lrrlii'l!.

ct,ilt I_>i'l_ii\ ', ,li_ct ii h,_ ,_ll_w/. (<-':-1).'l'hc' c'_ml_il_<_ti_n _1 lx%il_.<, ,l_ lhc, t_c'll<'lI'c'<lt'ht'._44?, iii .:1F4.3t_,<illci i,_c'_._it'll-

I_x' d_'i_it\', high i-_rc>_il\', l_w ,_h_mic i_tli-I_bt,r, <il_Clhigh ii,lily ct_mt_lt,it, <lt _t77, K, The, I-h ._<lk ,_1_17_K ,_lll_w,_

ll\'di_>t4t,i-i c'_l_tt,l-_i il_<ll_.t.,sthe, l_,lnl ,_ttr,_ctivt, ,is ,]l_ \-r,_v <<>ripple,tc,rc,<it'lillrl ,lllct tllc'rnl,il ,]lll_c'<llint._,(_1th_' I_,lill,

,-,t'<liic,l'ing,i-ll,ltc, ri,ll, c'._,, iri <-il'l_l_rrlsc_i_.-sc'<lltc,rirl_ (.;'drc,ttil _l'ill_lii_ _1 lhc, rnixc,d lX_Wdl.,l's is i'C,tltlii't.,ct tl_

t_><_l,_rimc,t/,r,Illlis <lrlic'lc, ctisc'ti._,_c,slhc., tt_rlrl<_til_i_t_f lh_, <G:>limi/.c' lhc, ttl,_i_-iill_ t_rl_c'c,s,_.'l'hrc,_, l_tittc,rc,rll i_lc,iht_ds

t_<_m, i,h\.'_ic',ll, t_r_lV,i'ii_,._ ._lic'll ,-i._t-_<,'r,_itv,ctt,l_silv, ,lr_cl iii _i'il_clil_ ,-li-ld I_]ixill_ wt,rc, li_c,tl' ._i,ril_clirl_._[w Il,_lld ill

tr>rc, _i/_,, di-let/itl.l" c"tllTt'ill tii_idt,r._t,lrlclil_ i,I lhc, ITit,c'hil- <ilx>rl_rl c',_i'l_ictt' irl_.lr[,;li" di_ct pc',_tlt' t_i' .'-it'\'t'r,ll Irlil_tllt'_;

rli_i-r_iii tl_,ll_lii_ <_i'lclthe, iit_,l_tiiv _t l't,ilcii_rl t:_r(_clllc'[_, _.,,rii'ictill_ .5()-_ b,_tc'l_t,_ iri <-iI:rii_ch l'tilvc,ri_t,[lt' 5 [_liint,-

hlrv 1_<_11mill I(ir I h; ,Inel <,,.4rii'lctiil_]-_ l_,/ltq_t,_ ii_ <-i_t_t,x

t;'ornlation of I,iH-BoH 2 foams k4_ctc,I _()(i()b,lll mill t_r I h, l'h_, lll(,dll t>,_riicqo _i/x, <_1
il_<,_rlltlilct t_l_,._,'c;tc'i'l_rl>ctticc'tl by lh_,\'<lri(iti_ mc,lh_d_

{hc, _!.<ll'lirl_ I'C'<]_t,I'IIS <ll't' l.ill I-_>wd_r frtll'l_ lhc: M,lr{ili _,_,'<1_I 1.1111,1_I1]('il_tll'C't;t I'_V llill'(l!4t'l_ ,ict._(_l't_li(lll illl,ll'¢._i._,

lk,.'l<lri_,tl<l]'-12 t-q<_rlt,,_i-lct I_,_,117t_c_,'c:t_,i• (ill,lctc, ii_ lhc, btit lhc, t_<li_lil_ rt,ilc'lit>i_ i._i't_ttllcl_ we,rr, quilt, clittl,rc,rll

IC)f_(i_l_), l_;tl_yl t'_,rl_lril[it_rl). l'hc, '1.il I i_ lyt:'i_'<_llv 9cJ,._ tl_r lhc, _,',li'illti_ mc,th_ct_, \,Vht,i_ rl_illt,i'i,ll }_i't,l_,lrt,cl in lh_,

wt<; t->_)l\'c'i'\,_t,_llil_<, I,il I, with lhc, il_<_i_r il-i_]_tll'i[v bt, illg l'llill'[ill' i_i_cl tx,sill, _,_'i_stl_t,tl, thf l_.)<ln_illl., i't,,lt'l.itlll _,\',lh

" '<_" _ 2 •{),.>'ivl¢;_ ()_Vt_t'll, "l'hl' I t.l I-, J_<ll]l_>rl;_hlll.l,'_,with ;_l131.'1I Jllt"_ll]ll-_lt'lc', i1.__Ilil_,._,,lll-w lil_,,' }.Xll'_.l_ilv illld II_.lnllniltlrllli-

t'_lntc,l-it t)[ l.j() [_l cj(.__,,{_,,.j. li.i-iI-_urilit, _ iri lhc, 17,t,i[->il_c'ludc, 'Iv lit tl_c'I_r/it.ltlC"t, l:rit,_c'h-millt'tl l°l'ill4C'll[_ rc'<lc'it.'cltil

frt't' I:v'ryllilii'il rrlt,{i_l (1--.,3wl.':_ ), l_c,rvIIiliil_ <_lkyl_ i_ir_ct ,_ivt' il llit_;h_,r-.l_rc_iiv til_itl_i'm l_lam, _lV,X-millc.,d ix_w-

(,_.-._wl<,7.), lv,rvlliurrl t"hlt_ridc, (()-.(),2<7), illlet cll,r_ _il_,.'t' lhc, lligllt'_l-13i_rl_-,iiy ltlillll._. 'l'hl_rl_lit4h t-rii_tt-
l,l'r\'lliuiT_ _xictt' ,inll hvcti'_l×icll, ((I - "_<''_ ,.,) (l<_l,t, 2), I-_l_lh ii_t4 t._r_b,lbly i't,l-illivt,_ <1thii_ l,lyc, r <_ti_tll_l'C,<it'[ivt, _xictc,_

it,,l!_,,t,ril_ ,ii't, Iint, tv_\','cll,r_. ,_i_cl ht,l-lt't, ,lc'li\',l[c'_ lhc, IX_wcll,r tllr ._tll-_,_t,tltlt,nl rl,,_cti_i_.

t1!



S_'clicut 2 • Ail_,_lJn'l'tl Mille'rials
............................... T........................................................................................................................................................................................................................................................................

Density and Porosity 13{) kg/n{ _(diamuter 50. 15()mm, lungth 255()mm)
al'l' ll'SS Lhan -I.l()pUl'cunt as calctllatud ttm.n dlgltlz(.,d

Thu pcu'oslty and dunslty c_fLhu 1,11l.-I_ul.I2 I'c}clrncan bu l'adlt_gratfllS.
c_tnlrctllud either b\, varying (llu initial stoiclllornetry _r I.,11l-I]ul/2 l'_arns aru rmtlsturu-sunslllvu and aru gun-
by uxpanding thu titan1 intt_ a cunlining v_flumu, Wu urallv h0tldlctd ill i'l glcwu b_tx with a dry inerLatm_,-
I'ottnd thaL rnixttlrus ctu_tclining 50 Ltt55 trlolu % I,il I splu_,ru. In lilt, prusencu c_frnolsttlru, tllu t.'tUltt_cwlenls
and 5(1to 45 rncdu % I:k,l.l_.gavu tllu rn,._stuntforrn l:t_arn- tt_rm I'k,(()l I)2 (Ruf. 4) and 1,12CiO:_(wl.lM_ wu Mentifled
ing ruaction and tlw higiwst-pc,'ositY foams. Equimdar using x-ray crystallt_graF, h.v), bill tlw hydrulysis ruacLicm
ccm-_l:_tMLkmmaximizes LIw uffect tff thu l:oamlng teat- is slow tn rnc_istair and negltgibluIndry air (<1()l_pm
Iio1_. 'I"opmducu ft)an.ts witha dunsitv h.,sstllan _-_5per- I I:-,()). 'l'ht, ft)am can bu I'_andh.,din nlulst air t'(.)ra fuw
cunt, wt, Iluatud and expandud an equtmMar pulluL in a mintltc.,s and in dry all' t'c,' many days wlLlluut sigl_ll:i-
cllambur thai limits Lhr,expansh.m. In tills way, wu cant degradatlcw_.
rnadu t_ams vviLll a i_orc_sttyas low as 28 purcunt. 'l"llu l.,ill-I]el-I 2 foam is typically abc_ul t_5wt% puru.

I::t_arnporc_sity and density aru rulated by: 'l"lle majc,' impurities are burylllum mutal (1-3 wt%),
and carbon and uxygun (I-2 wL% each).

/_u,tal:---1 - i)b_lk/PskuMal , (I)

whert, 13bulk= bulk dunsiLy cff lhu foam (kg/rn3), Analysis of tile Foaming Reaction
I)sk_,l_,t,_l= dunsit\, ctt' fully dense l_,il_l-Bul12(kg/m3), l)uring visual ctbst,rvattcm uf a fttarning pullut, wu saw
and Pt_,tal= toLal l:',Ctl'c_sity,or fracLi(tn ttf the Vtl[Ullllt., bubbles blowing OLItof tile uxpar_ding t:luld mass.
twcupied by purus, l:rom mass-spectrc.netric analysis, thu uvolvud gas was

The skeletal density is ca lculaLed t:r_}rn: fctund tr.t be primarily hydrogen wttl.l a few percent of
organic cctn_pour_cts, chiufly C'211w The mass loss dur-

t)skelt'L,,I--::7()()XI.il I + (_4()XIk,112(kg/ni3) , (2) ing fc_an_ing, (),5-1,0 percenl,, reflects the gas uvolutitw_
tllat provides tile force needud tctblow tile plastic mix-

Whel'e Xlill and Xik, i 12are LI.lemole fractions in thu rnix- turu intoa t:ot-lnl,

lure, thu dunsiLv ttt _'l.,il-I is 7k10kg/rn :_,and thu density c_t' The pctrctsity/stoichicwnutry data shown in Fig, 1 sug-
an_c}rphcrm Bell 2 is M() kg/m :_(Ruf. 3), l_'rom Eq, (2), the gust that the cctmpound l_iBel-I:_may be invc_lvud as an
skuh.,tal ._unsity tri equirntflar IAI I-Bell 2 is t_70 kg/rn 3, intermediate c.' final pn_duct, since tllU lk_amillg is

Son.le t:racticul ot: LI.lept.x.,s is completely Sualud and strtmgest near uquinac_lar mixtures, Synthesis t_t:lABel 13
m_t accussiblu lt} intruding fluids, Closud pc.'osity is luss has buen attemptud by Bull and Coates 5 and by Asllby
than 5 percent whun thu total pt_rositv is abtwe 7() per- and l'rasad/' but neither study provided dut:initive uvi-
cunt, but incruases sharply at 6() tc}7()purcunt pc.'cMty, del.lCr! ttf its existence, Tllu ccwr_pound l_i2Bel I.I was syn-

Wu duturmined thu pore-sizedistribution using muf thesized by both groups. I-lowever, if l_i2Bui14Wt,ft!

CtlI'V t:_c,'cMrnutry for t:oarns cit'69, 77, 87, and c)7percent involvud in the foarning reaction, we wt_uld uxpecL vig-
F,Orosity, With MIto 77 purcttl-fl,porosity, the pore-size orous react ic._ at 67 mc_le _Y,,l.il 1, wlleruas Fig, 1 shows
ctistributic}n is narrow illld cunterud on 4()()arn, COlllpal'a- thai the t:c_aming is vwarly stttpped aL this conaposititu.l,
blu tct the poru size in otlaer subnaicrctcutlular ft_arns (e.g., We do not l:ully understand the t:c_aming reactitm and
silica at.rcgel). With fctams whose porosity is 87 percent, have not Jdc.ntified tb.u prcKltlcts. Otlr t,ffcwts are CCtliLin-
the pcwe-sizedistributic._ broadens and centurs ctl_ uing in this nrca with dil:ferunLial thermal analysis/Ll'wf
60() nra. /\t _7 percent pc.'osity, the pore-size distribuLic_n rnogravimutric analysis and with x-ray crystallc_graphy.
is bimt_dal, with c.w broad maxin_un_ al 4 ILirn,and abcttlt

2() purcent ttf thu pcwes aru to_ big to be dutected by mer- I(_() Figure 1.
cury pttrcMnautry (>13() t.tna). Scanning electro.1 plaotomi- _ ...... "q_
crographs verify thu rnurcury porcMmetry results; thu _ 8() n-_ Total port.ralLy\ SIolchlmnelric

large pc.'us (> 13()t.tm) are visible in high-pc_rtMty t:t_alllS _, hl) _ dependence of p.rosl-and are iltfl pru:_unt in lt_wer-ptwctsiLv t:t_arn:_;. .,7, ty of freely expanded
" _ ,tri -o ' _ foams.2,

._c'N_Ch_sudpt,tMlv
Physical Characteristics 2c_ 'x: '

q'hu l..il-I-Bt,l 12 ft_alll iS a rigid gray maturial, lt is plays- 3(_ .I0 _{) ¢_(_ 7{_ sl_
ically rcflgt.lsl, for t.,\.,c,]lwith 95 percuni pctrtMty it can N'h,h, ':i I,ill

l,e uasily hanclled and rnachined in a standard latlle.
l)u\'iatit)ns in dunsity in fu_am disks having a density ()f



Summary F,eference,_

I"_,_m i._,r_,,ldilv I_r_Lltlcud Ir_ll_ I,il I ,it,Ll I_,L,II,, l'll_, I_,_rn I, (i, _V,I,'r,i/L,'r_,1,_1,,"A _._,lill_,_ i1_,\.r,_v I'_,l,_ri_nt,l_,rI_,r
" XN'IM, In_trllll_'l_t I'r_,l_,_,ll il_ I_",1_' I_,I"_g/\,'Xi) ,_/1

I'_',l<li_n, bll[ iI ,_Plx,_rs lh,lt (h_,<_nilx_tin_l I.il{_,l I _m,_v k'l,ltL_:,l_,lnl,I,'.,k.l. M,_rh,l[, ,ll_l I.. II. y_l_,lql_u'_l,lr,,/.

' l'hcl,, I 7, i"_ _ (1_)7,',_),
ing l_,_si_"_[L_di_.'_lnl,,'_ll_' I_,lming mL,<l'_,_nlsm, ,1,I, _.' II,_il,_r,I1, I, I,;n_,l_.,_,I,_,N,,'I_I_, ,_1 ,,\, I;. Ir_l_r_,_l_-

' I )i<k_,_l,_(_l_,I,'._1._.,/'(_lli/_rl'/l_'_l_l'_,_' IIh_t',_'dllic l'h_'llli.,_ll'l/

'1'/11'.'__'l'(_t'/_i'l'll.gglll_l_(_l'l('llI_1/1/11'I'\l('_l/_(lll.g/'1'1_\_1'11111_llhlI_1/ (l'_,r!:,,_m_,nI'n,_,s,/)\t_,l'el, lu';"_).

(,, I,',(.', ,,\nl_l',v,_n_.lII, % I'r,'_._,_.l,hl_,',,_.('h_'m/,-1,2H(-,_-_I_._TS),



PIan ar Stok es Fi ow D Hv e11b y Capi IIar i ty:
"_ '1t1" VNCoal esc.e.nce'" of ( yl de

t- 1' i .._ 4

I hfs arttch' descrtlws a _tewly developed ge,eral the_ry _J.(
creepiltg vim'olts t_laltar flow driven bq oul_l:ace leltsion olt a
free surface. The shape evolutio, is descriln.'d in h"rllts of a
tilJte-dt, pendeltt maPt_iJtgz = _(_.t) of the u,it circh,, c.onfof
tna/on I+'1 _ 1. The ti,te-dependenl para,teters of rite map-

J i "_ I i

ping are determtlted by a general shape-evohttto.u equalto,.
, The coah, scettce of two cylittders of arbit'rt_ry diameters is
gl_.Wll as an example.

lrltroductiorl c,lllsinv lhr I-,_..Iv_¢_sll¢.'lv_ and it._vr¢_ss-sedi_l_,ll area l¢_

\'Vr I_a\,_,I_,e,_ _tudvi_v the vv¢_luti¢_n _,1n_icn_str_c.-

ltlrt,s _t t,_r¢,t_s n_,_h,rials d¢lring sintering, l'lws_, slt_tl- Gerleral Theory

vurlain l_w-.dL,n_ilv I_,.IrnsI, In thf, v_tlrst' _t lhis w_.'k, "l'hu ltme-dvlwr,.lent sl_.ltx, _1IIw n.gi_r_ in lbL, _'_nat,l_,x

_.l\'r_,_micl,rc_blvn_was dv\'vl¢ll,L,d:¢:ll_vsl_al_¢.,_.,x'_lll_li__l¢irmalrn,11_l,ingIllnvtiilni_al_ar,imvtrivlc,'rn,i.v.,' --
illa Irt,_.,niml,_ly-cl._neclt,_l rt,g,,i_lntlmlerg_inv i:,l,lnar ¢..)(_,1): _.al_;,_(t), .,(t) .... I I._ llw t'ixe_l rt,,vi¢ln I_1 _:;I
_lc,kt,s ll_,w (cn.,vl_i_a_ _'is_'_lt_ tlll_v) dri\'vn s¢lle,l,,,'bv tilt, cii tlw cllmplt,x ?_t_1,_ ,, In pr,lvlj_'v, the Il)rm ¢1ttla¢,
silrl,ivt'l_.'l]siiln...%llchl',nililemsaruftlmlarvl__,nLallvn_il_- mal_l_iiLql]itl.,gLIii'slbf,gllt,S.'getl.'l'heL'(II'l'l..'L'[111'%,%Cii'IIIf.'

lille,lrb_,.',Itls¢.'illlbl,largevhanu,_.,sinsl_al_v,aralilis real-,isvvrili_,.l,,i_.Illwlim_,dvl:,en_li,_wt,iiiII_.'l_,iram-

_,rrll,l_,_,,.-,i/._,dtl_al_¢_r_w_llwn_alical,_l._l_n_,,in_,_ti_i_s,irr ¢,I¢.,_'s¢.It,lerlwint,tl,usinu,,i"sh,ipe-l,vi_lIili_nv¢.itlalii_."

m,_d_.,l}_,_kl_._l;,rlwi_.lin_in.'-,iu,hlinlll,,'isci,._ssintvrirh_:,, Itsduri,,'aLillnl_n,.'_.,e_.Is,llllngI11_,flilli_winglin¢_,s'.'I'11_,

lhc,mvll_i_ll_a_al_,l_licalii_nsIclII_,ll'_,_iI'Villu,lass hv_Irildv_1,_n_i_'l_n+,l_.,n_isrt,-l'i_rln_ll,_It,dinl_.,l'm_.,illIIi_,

,.,Ir_,n!_,ll__and li_ll_vl_'_.'11_Icilli!.'..',r'Ill"fiht,r-.i,l_livsvsh.'ms, l'_'Idlin¢.fii-M¢_sl,.hulisl_\'ili_.,_l_,_li_,_siii_'l,_slivilv,_inwhich
l'l_v.,-,i_allv,llwr¢,_i_ini_rl,u,ard_,dasll_,cl'cl.,.,ss_.,_'ti¢ir_cii llwsl_'_.,ss_.,sand \'¢.,hlcilivsan,dvlvrmir,,_.lby l_,,,'c_,_alvlic

an inlinit_,Ivhll_l,,iscilli_.,rn_al_,elwralcvli_M¢_,r_I' l_rlclil,_s¢(_)an_l_F(L.').,'\l_.inl,m,llic_.¢ir_,.lili_ir_is
N_,_,,'l_lli,_r_viscc,tL,-,li¢.it_Ml_avi_G d\,llanli_.vi_c¢Mlv1I, i+,hlil_i,_.lrc,aLil_._O£_.(_,l)/dlIclIIws_rlace,_'¢_,h,.'ili_,.'_.'l'l_is

_Ivn_ilvi_,,_i1ds11rlat'ulerlsilwl"l,ill,Tu,r,lvilalion,_llivl¢.l/4,d_.,h,rmin__,.,._¢(_)inl_.,rmscii,iC',lu_.l'_vinh,gr,lli__vcdvin!:,

allLlw,.,_,Ix,inF,_¢.,nM,inl_.l'lwlhlwisF,h_nar;ll_,_tis,Lhr i1£2(_,I)/;)?_.Sirll_lhlnui_uMvn,¢.luirinu,thaltlu.,sLlrl,wt,

v¢.,h,.ilvw,di,'i_l_irrn,llIcl,an_lindul,C.,n¢.lenlifr,[h__,axial sln,s.,.;_,s,which ar_.,impIMl in¢.,_.(_,I),be,clwrL,dllwnI_.',_I.'-,

c_lilr_.lil_,_L_.,.,:\rvd_wliclnIcl_.linwn_ic,11v_l_wm iscl_lls_,n Icl,I¢:llmlqical_.'dr_ilnlinvar¢'_lu,lliilnMalirG !,_Crt,l)Icl

al_l,rcq:,'i,ll_,Icl,ilh_w_.II'i,_'_,_1by s111'l,ict,k,l}si_.in,l,u,lI,_ _it(ct,l)_,_Ictl--:I.l'hist,tlt_,iticw_m,_vlx,wrilturv,
N,a_'l_,ir,lclt,ri_licdi,.-,l,l_wt,illllwl',rllhh_,_n,,11",:Ix_and I_ ii

Lh_,I_C,_,iii_.lvt'_t_.' ,_l_tl lim_,, I )vlinu dirnt,nsil._h,ss pclsi- ¢..2'(ct,I ) _1,_,1) : le/_2'(ct,/)(2(ct,I )*I(_t,I )l_/ct
Ilion x,lml lim_, 1,1_x . x_/l¢._,t )'t_,/I]1_. Wlwn Lhc

!-;_r,-_l_l,_naral I_c.atlnl_mbt,r_. (p'{1¢.,_/11::anti i_lJi_,#.,/.{I _ll 1£2'(c_,t)£2(c_,t):_1 , (I)
,_t't,+n_,tll,int,rti,ll,in_l+-raytatii,aalelt_,'cts,+I'_.'sm,tilin i

_'c,V_l_,ll'i'-,cll__vill__'i_.'¢11_s,ir,.l,,-;_rl,l_.'e-l_,nsi¢w_l_in',.,s,and wl_en,,in,_l_'rinl,,_Ic,illilc,sLl_i,c¢iml_l¢,xcli_j_g,_le_n_l

iI_,ll_wi,-,,qc_,,'_,rnu_lI_,,'_hd,,_'n'¢_,¢.Itlalil,l_:\'-'u..\'I' _l./ik__.l_.'_ifl¢._LII_,_.lin,clicln,_l¢.l¢,ri\',llivc,cil_Ic_'l_ i.

(llu_nu,nltlrn). anti \:',u i} (c¢,n_lint_il\'), (h'dil_,lril,,', lhr, l'llv rl,¢lt_in,n_¢,nl is lhal _lt(_,l)bl' lhr' I,clll_l,l_',,, \'al_ ,_,
re_l_ir¢'rl_¢'lllc,f a _.n_allI_l._tl n_n_bl,r r_,_ltlin,_,i .,-,mali iii _clrnt, Itlmlil_n _lt((',/',,lll,_lvli_' ll_l I_ I : 1' Ihal in, I11,11

l,l,_,_r-fl¢,_v,_l,l,n'c,,,irr_,Iti¢,_l',_Itl_lowIcln_l:,_._.'li_l_,_'__.'_,_- _',_llvci_lli_ll_'_Ir!it_li_l,..I'I_'l_l_'li¢llll'(i_}i'-._li,lin_,_il,v

qr,lilu,.l,iv,ain..-.lllclwilG i_tilt',_\i,_l_.liri,_'lii,_.Ifll_i.t,nLl_-;llac,(.',Iti_h\'i_Itvgi'_ll:

¢,1th_'cvlil_l¢,r ,_n,,tn,v, llwzl _,_l-,illarilv itl_ltz_c,,_,irl addi- I i" I c_ t C,

li_,rllc,incitlc,llt,_llIi_v,,',,nt,,irII-ii,i,ml._,,,__.!,t,nt,r,ll,_xi,lllh,w (_,). J
_/Cf (2)

' " 2r_i :_.2I_..)'(c;,/) c_Ic_ _)
i



S_'cli_,# _? • /llh,,jtc'l'cl M,t_'ri, ls
................................................................ J ...................................................... , .........

who, re lli¢, L'(_t'll_ttt' lllle}4i'al I_ L,_kt,t_ai'(_ttncl IIw ttnlL cir- clncl

clu, I ctl :: 1 'l'hls f_,rnltjl,1dt,l'lllt's iI .'-ill_t_,'lt'fllnt'tllln clrl I tl 2.1_

I 41 '_; I, wlil'l LIlt, bCll.lr_cl,lrv vall_nc,st41vl?rl by a IGc,i rlq.,Ij ,,1 ,: o ., ;I )2 ' ('_)
ti.irlntnla, I,hlthl,r Ihclrl ntdvlnl._, I!q, (I) dIn,oily, lI-lr llrlll, '-" I --.," (I o/);_'X 1 0 ,/_

clel_c,rldt,nlcu I_I !,z(_,t) Is ,l__ljln_tt,¢lIIi c,llrrllnaI_., ali sLn_41.1- "l'hl., tln14.,Is l_IvL'll by:
larlllvs t_l _1/(_,1) tin I _1 <_:_:I,

II hart bl.,c,rl tl'ltc, rrt,d, bl.lI rl_fl I:_rllvt,cl, Lllal th(, rnal_ itr' I (, I I_)/I

clL,scrtbint_; ,lrl_,,....I:_hv_i_.',lllv n,allz<lhlv I'lclw ut' LIlt, LvPo II"l>) .... ,j ,,,, (I ....."_)( I t I,2)K (, I_) (hl , ((_)
I.Iridt, r L'lm.,-ildL,r,lliurl ml.I.,..Iibe, r,_lll_nill, and Lhcli tf Lhc, llll-

Lial sl_i_Pc,I_ 141yenby a m,_l_,l-,lnt4 lh_lL Is LIlr rclLN_I_t:fin whc, rl., KCk) tn Lhr c_lmPlvte, ellIPtIc InLl.,_rcll tlf LIlc, fln'st

Mtl'l- til ,_n NLll-_,'clc, r Pulym_rrlicll, with M _'_._N and Ilav- kind el_.,l'llu.,d by:

in14n_l c(lilli11(;il t;r rt,t_t,ilLecl I'at'{{li'_, Lhvn Lhr nh<_t._val <iii r _W.3 _ 112sub_t,cli.lt,l_l lime's will be,dv_'l'lbl,,_lby thi._ ._an_c,ftli'l_, K (/_) ::: (1 --/c" sli_2_p) tbp , (7)
I

Coalescellce of Cylinders 'l'htis till ::: li) ....I <lhd till .......) ....II,
l"hesc, t,clUaLlUll._i_lvu, lhc,shill.3t' c'vl_ltlillln til t!oilll.',_c'-

l'lw shi_l_ec,v(dtiiion uf l_,_,'(lc(lillt,._c'in_ c.'vlll_clers was In14t;'ylll_clt.q',,-i,"l'h_,rc'still I,,imcltht,mi_licilllv exacl,

clc'Lc,rmtl_tJd.Thi._eXanllTle is ii usefl.II illl<llll_tlt, iii vIs- Lllllt.ll_,ll ._tli_jt.,cl Lll Lhc'phy._lcal<ll_l_r{ixlnliltll,ms illilt;It,,

c¢ltlS sintc, i'lil_, "l'hc, plal_ar-Illiw at-_l_i'(Ixlrnat'llll_ Is t,xt'c,I- 'l'hvir tlSt, rt,cltiirc,s i_ll 1111_l't!Lhilll ii t_ritl41'al-nl_lilblt, sclt,i_-

It, ni dtirtn)4 llw i.,,lrlil,r sLal4c'siii' c(lalc,._ic'c,nc%,even tf Lhc, til'lc cillcl.ilaL(ir, li'lt4tirl_, I shtlw._i the ._hapc,_iiii lhret,, val-
t,i_cls iii lhc c'vlindc, r ,irt, trc,t.,,;!,-i l,c,l lhc, initial diilmc, lers i.ic,s iii lime, wht,n ih_, inlllal dt<_n_elt,r r ,till is 2,

i_l lhc c'vlil_elc,r._ bl, I )i <lml '_, with Iii ;-_1)?.,i_nd chll,_,_¢,

1):: as lhc' c'laar,lcLt,ri.<qic length (Rc,), 'l'he dlmen._lllnlt,._s Discussion
inilli_l dh_ml,lt,r i_l lhc, ._maller c';ltnder is ii(iw l, and thai

i_l lhr, lar_c,r Llnl! is l) :_-:l )i li)-,, Thf c',_ndiclzlle l'n<l[:_w<i._ lixilcl st_ltlll(ins L(i Ill(iVillg t'rt,t,-i:_(itlllCli-lrV i._nll_l(,ms aft,

c'(_n._li'tlclc,l.I bv at_l:_l),iilg a bllilll.,,lr [ran._l'(irllliltitln iii the, rart, in hvdr(ic[ynallllt's, ¢,xcc,pl t'tli' WaVt! 111tlLll_n._i,Thai
Iala_il\, iii' invc, rst, c,llipst,n_aps, whicla tic,scribe C,cltial c't,rlaii_ siaapesshlluld evl_lve ._o sinal_lY, wht,n vic,wc,d

c'vlii_clt,rs," 'l'hc, cle_l'¢,t, t_t'ctlalc,,_c't,liC_,is Sl._t'c'it'it'd by ii as t'llllt'Ol'lllal mat:_.%is stigl4c, sllvc, til' dc,t,p tXIIlllt!t'{l(lllS

l.irne..dl,l._c,nd_,nl ]._aranlt,ler ,, /\clclllitmal [:lilraim,Lc, r.<_,Ii bc,lwc, c,I1 _4t,omc'lr_,; i_<ll:_t._ln_,%<lilcl dyn<lillic._ in thi._

<lilt;I ,.'t,ill't, ttinctitll_s td 1)ilili.-I ii, 'Fhc, lnal:_ is _ivc, n bv', c'la._._ot i;_i'tlblc,rlls, "i'hc, i._l'tlblc,m,_ ai_alvzc,d arc, raLher

'li l, k L r<'_lric'Lc,d and special, in thai Lhl_,._tll't'ilCt.,_{l'l__sst,sill't,
!,l i_):-/t_ I -. _l_ -t. I -t-IJ_ J (3) intrln,,itc' in Lhc 14c,tm_c,try, li i_ desirable, Lit t,xLc,nd Lhc

c'llntlll'lllal mal_t_int4 I:lli'lllaIi._lll iii olhc, r cat_illariLy-

.'illl drivt.,l_ tl_lws, such a.<_¢ll_uibl.ytxlnnl?cl.t,d i'c,t4iui_s, c,xlc,m

I,::: I-i 2.13 -- 2.1) ' (4)
'lTlis _t_l,'lc wtls sltlJlJllrtetl bl Wl'tllJml.s !_lll;lJt_rtill,.f i,_t'sl'tlrch

.................................................................... ............ tlllt/t/lI' I/vt'tl/_(_ll,g/jl'l_/ql'tllll,

[:iture 1. Cu,ilc,set,n¢l.,(ii' cylinders iii plan,lr fhlw
iii'lVr!li by surfilcl_, il.,ll._l(in, inlllal dJilllltJler References

ralhl I) = IJlll) 2 = 2_ dln_enslllnle_ tlini_s I - ¥tl)/i11) 2 = (1,029,

0,317,and 0,754, I, I{. W, I't,kahl <inelR, VV,I-hq._t_i:i',' I,tlw I)t,nsilv Mit'rllet,lllilar

2, R, W, ?Ii,lG_c,r,IJhtm' .qh_l,;e!4I'hJ_l,l)ri_,en bjl C.lqlh.'il.II _.l .
Im' ,gHr/iu'e,I,awr_,nc'_, l,ivt,rl_¢_i'c, N,_ii_n,iI l,,ib¢_r,llorv,

_/ I.ivlg'lnl_rt,, ('illtl,, LJ('RI,-I(lll}84 Rr,v, I (/\ll)4tl._t 21, 168cJ).
'_. Subn_i[Ic,cl h_J. I'hlhl Aih'l'h,

7, I{. \g/, I Iol:_l_C,i',"(irnck Illllll!iil_ bv Vi._t31tisI:hIw," t_l't,-
._tg_lt,clat lilr _Jl}ihAniltlal Mc,c,liiit4 _f llw Anlerit'ai_
(t,r,llllit' ._'i_,lv, (.'lnclilll,iti, ()hi_, Mav ICJ88,

>. (i 4. I. (;, .¢4ilN,.ii',, ("l,de.scem'e¢_/(Thl.g.<_l/,I'iber.<_,b.,'g Ihl,,_is, Nc,w
York Shill, t 'ldh.,l;t' i_t (..'t,riimit's <li i\lt'rt,tl {.Jnlvl,rsltv,
Alfrl,tl, N.Y. (lqS(_),

_, N. I, Mlisklwlishvili, .gl,lltl' li.sic I'nMh'm._ i,,I I/le
Aihtllll'mtllh'tll 'l'llel_rll _I I,'htglh'illl, ir,lnnhlit,ll bv I. R. M.
I,hidl_k (1', Nl_l_l'cll_lffl, (il'i'lllill_t,li, I_),

(_, I._,VV,I hGG_t,r,"( 'l_,lh,scl,ncl, t_i*l'_,_'_ii_lll,ll ('vlintit,r.s ....lix,lci
i Rl,',_lillsi__i'( 'i't,_,l_il_e,\/ist'_lls I'l_lill, I"l_w I)rivl_,nbv (.',lpil-.

.- "1 "1' I (I hlrilv," J, /1111, ('l'l'llltl, ,gill', (('l_llllll,J (}'7, ( ,..f'_-,2{_4 (I_/84),
k

II



!41'i'licpJl,? e ,'llli'llJll'_'cl A,hlll'rial,_

We have develolwd a new lheovelical aJtdextwvhnellt:al twog,l'anl
to characterize the.faihtve characteristics o.f high-tw'til;ovmavtce
.fibev..cos.tmsil'e Jnatevialso Through an e,,valltinati_n o1:evettts
occun'ing ost t'he nticvoseale, "we have achieved a new mtdev-
standing of tile iutemction of indtvidual (ilwvs zvith the
sltvrottnding matrix tJhase,

l lltroductt()rl m,ltc,vi,ll.,._e\l_lhitir_,, _rnL, _,1'lhr.,I_iglwsl tt,nsile _ll't,i_,tl_

(1()t' 1:',8i)and tl_, I_i_,_,lw_ttL,n_ih.,n3_cltlli (1,3 .,,;I(Is i_1)

Ix' buc,_u_., _t their extrat_rdin,_rv pn_lx,rtiu._, I:t_ru',,,im- t'_wrll,t_ite_ are ,_ll',_(_l,llv,'av_ ti_t,d with ,1p(flynwrl,:

pie, the ti_,ll-,le _tren_lh t_l'c_n_po_lte_ t_t 'l'_wav "l'l()l)() I_lndt, r i:,h,l_u, If nlt_dt,rn t'it',L,rs in ,i t_tfl.vnwric matrix
and I life\ ,I_,-_)Ay,ral',hlte fibc,r,-_is il_ the nei l,,i_N_rlat_d i.flla_e t_l'fc,r_tuch de_iral,le t,r(_pertk,_, _._,,_lil_.ln(_t tl_, _,lrne
(_l 1,3,"4(;l'a, while bare t'ilanaunt._ I_,lvu ic, nsil_, _lt'unglh_ flher_ in ,1 rnet,_llk' (;r ct,r,.'_l_Icm,llrix I,lx,_L' lw evt,t_ .bul-

_,1I,/.J ( ;l',l, (.'_wnl:,,_retl'_e_L,vi'_lue_ with thai _1 lai_h- fur7 I'_c,_L',_rc'her_are ,ictlvulv _et,kila_ t('_,_n_wer ll_l_ ,fllle_-
t-,c,rf_rrnarwe ,lltirntr_tln-_ (/\I.,C'AN H()_-J(}),wl_;_.'h h,_s ,_r, tic,n, but lhc, ,_ta_x_,,e,t',_lG:,t,arstl_ ht, n_; i_(_lvnwr
lillirn,_lc, nlrungll_ of ,_[_ut ()5 I,.7(;l'a, ,,'\lrn_t ali hly,h- c(m_l:_o_ite_(flYerbe,lint t:_url'orn_,_nc'eexc'Ulq ,at tc,ml:X,r,_-
tec'l_!_fl_,_4yal,_t:',lic,_ti_w_I',h_c't',a F,rC,mitum _n light turt,_ ,d-,_vc, 3()()t_ 4()()<'C, 'l'l'w re,_n_ are not c'_Wnlfl_.,tc,ly
xvuight, l_)ividin_ these _tn.,r_gtl_ by the rc,sl:,c,ctlveden- tinclersl(_t_d, but lt,.,v relate., t_ the very c_wrll',lt,x
_iti_.,%_t' tlw m<lL,.,rt,_l_gix't,.,-_a Sl:,C,c'lfic._tn.,n,u,tl_of (),_ naicl'(_._c,_le_t,att,of tiw intt,r,wti(wl (_1'tiw individual fila-
ik,'lnl2/_2 I'_._rLhc,c_._n_F,(_ite_and ().Icj IVIrl¢/_ 2 t(.it'thf rnent with it_ sut'r(_tlrlclirly, matrix and tlw ditYt,rt,nt fail-
I_iu,l'_-perf_.wrr_,_rwe,_lun_intlrn. (.)liwr t.",r_._t._ui'tit,_,_Lnch,._ ure t'__.lt,_ thaL arc, i:_.'_.'-_ible_._ntlli_ _cah.,, i\ relativL,lv
._lwc'ific rn(_dulu_, sl_x, a _irnil,lr ,_dvanta,u,e t(_r c'(m_p__s- c(m_tfll,lnt I_(flyrrwric matrix tfl_,_c, t:,r_vide_ ii m_we har-
itc,_. (.'_,ml:,,lri_rl_ with na,'_iuri,al_t_tlwr tl_an ,_ltinaintin_ n_(_ni_ti_ bal,_nce (ft t:,nG:,ertie_ with tl_(_e _l tlw high-
,iru t,x't,l_n_t_rul',_v_rable tt_the __'(_n_l:,_/,tes. str_,nqth, l'il_41a-stillnessfll",erslh,lh do t_tlwr c,lr_did,lte

I ll,_h-p_.,rl:orrr_,_rweliburs l_',i'c_Wnl:_(_sitc'ruinf_wcenwnl matrl× m,l[erlals. *l'hls(_bst,rvali_'wlinlt'_dtwes lhc,ai'c,a_f
are l:WOdlwt,dlrori_ all _I lhc, guner,'_lc,l,i._st,s(_i'materl- res_.,,irc'htlt,.,._c'ribedhere: lbL, rnic'r_mucl_,_nlcs(_Ic'_rnl._s-
als ......mt't,_ls, ceramics, gl,_sst,s, and orgarlic's, l)t,sl:_itt, this lte t,_ilturt,,
divc,r_itv _1 m,ltt,ri,_l._, virtti,allv ali tlbl,rs are tabric,att,d

with ,i til,imerlt cli,!mt,ic,r (_1'(_nlv II) I.lrn, ai-_(_tlt(mt,-tc,ilila Analysis and Experimellts
lhc LIi,lmc,lcw i_t ,1ht.li_,li_ hair. I;'t_i'mtml I_atc,i'i,lls, the_e

Iinv tlimt,i_._i(_n._art, rt,cll.iirt,d tt_,_chic,vc,ihe n_c,chili_ical Alit4nc,cl fibc,r-m,llri,_ s\,stt,il-ls ,li lhc, level _1a larl_inil
t_rl>t_,i,tic,src,cluirc,dI(li , c,l_mt_/l_iic,al_l._licali/_n_, witlaill a I,_nall_,_tc,h,lvc, ll_<_C'l'tlst'(ll-_icI_i'l_t__urtiesvhili'<lc-

I,'il_c,r._c,lc,cti_n i_ tlStl,lllv ba._ed(iri issl.it,s (rl I_t'rt'(ll''L lurized l_,,a stall' (li' [r,il_s'¢t,l'._it,lVtsl_li't_t_l_.'sVll_l_t,ii'V,
ITAdI'ICt' ,li'ici C(l_[, k/l_,i<_lfibers art, riarc,lv tlSt'ct ['lt't'dtl_t' whi('l_ c'()rl't'._t_>l_lltts l(_ lhr, ht,xil_._,tlll,ll .,4Vl'lllllt, il'v t)l t'rv.'-4-

lhc,v ill't' iii()hc',_vV. I"t_i'higl-i-ic,rnl:_t,r,lttirc, ,*lt_t_lic',_li_n_ l,_ll(_gr,il:fl_y. 'l'he._c,I,lrnii_,lies hil\'c, five ii_c:ll_,l_t,i_clt,i_t
(> liiiit) '(.;), lil._c,i'si_<l,_<.,ct(ll_ ct'r,lmic'_, _uch a.__ilic'_n c'ar- c,la_iic' I:_i'_t:wi'lic,_,lhc, il_t_dlili, wl_t,i'c,a_a c_rmpletc,lv
l:,id_,,<irL,ila\',lri,lblv _c.'lc,ci_'cl.(iiiiS',, niwmilllv c'(lllsil;It,l't,l_l istlll't_l-_ici_,_[t,i'i,iI ha_ lwl_.
a wt,,ik ,_i_cll_rittlc! nl,_ierhll, can bi, l<_l_ricalt,cil,ii rt,h_ttvc,- ()tlr i'_,._t,,_rchI'll'll_l'<il_ (111i_ic'ltli_t,ch,_i_ic'._ h,l._c'l_iv-
Iv ll_w c'(_._linl(_ Ili_h-slrengih Iil:x,r_. ()ru,,lnic til_l,rs c't,i_ti',llt,_.li_n llw n_tc'rt_scalc,lil:_c,r-n_,lli'lx ilait,rilc'iit_n_
l,xhil.fitin/, tensile ._tren_.,,th__rt,,llc,r [ll<lll lh,lt tri' stt'l'l have' il_,lt c'(llllriiltllt, irl the tivt., iil,lcr(ist'tll_it' [_t,havil_r i:_l'(_p-
ht,t,i_ t_rt_clticc,cl fr(ll-rl N_th c,,_ti(' Iicltiict.-crv.<_l,_llilwt-_fly- t,l'tie._. 'l'lll,rt, <irt, rit.(_r(itl.<;irlici'(li]lt,ch,lilit'_ ill_<llv._c,.',lh,li
nlt!r_ <libel ill(_i't' t'(li'l_il_(ll_ pl,l_tic_ ._tlc'h <i_ t_l_lyeihvlt'nc', pi'edicl IYl<it'i'tl_t'(ll_it" _lill_i_c'_ l_i'_t-_'riiL'._in [t,rrll.,-; t)t ihe

IIV l,lr, lbl, fibc,r._ irl' c'h_fic'c, I(ir "i_i_4h-.lechi_l_gy" I:_r(Gx,liil,_ _1 ih_, individti,II Iibc,r <libel lhc, rl_,llrix t_ha_c,_
,ll_tql_'<l[i_i_ in lhc, cll.,f_,i_' and <ll.,rtl._p<lt't,inclti_lrie._ <irt, Illl,ri_,l\'t,._. l'he s_llili(_i-i_ I(ir ihe tivl, i_r(_tx,i'lic'_ ,iri,

ih_<_l,h<i._l,cltill u,i',lt-fl_ii_'.M(.wt.'lhan Iii() lyp_,_(lt Clliii_, tl_ll_l._lt,.__,_,c_,t-qIt_r lhr, ._iil_t_ll,._lllilt', which will
_Ai'ilt_l_it_'fiber_ <ll+t' I_(l\V,_vail,ibl_'; cl_i_iiiti[irlt., , ,i _'lil_.__1'
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t',.,ml,n,!._.,,i,,i_ill, l_ l,lillir_,, l:il-,_,rl,lillir_, .gLr,liii.,-_,lli{l I,Iii.- I'I_, _It,ill,li_.l_ l,l,i__,__l_,i_till, l,_,rl_rlil,ii_'u _I ,l_Iv<lil_._,Ll

_r_l't''_ _It ' _ i _ i _ _ )_ ll_i'-, t_,_'lli_i_li!_,l_, _,lli_.l,_'_.'_ml,r_,n:,iv_, _I: m,ll_,rl,lh._re.'-,_,<ir_.'l__I_'Ii ti_ lii_,r li'v_'l_ {,i _4_',_I_,,l'li_.,
l,lillir_,' iii _._,irilx,_il_,.,-,_','illl ill,lily Ivl,_,n _I lih_,r.,-,,_,'\/_.,,ir_, {'{m_l',in_.,_.lll_,{_r_,li_.',il,ii_l {,\l_i,rlrli{,nl,ll <il,l',r_,l_.'ll I_ ll_u
l{,_l,.ii_!,,,ii lil,L,r.lil,ur ii_[{,r,i_.'li_n ,Iri_l ,ii _tlc:li ii_'il',Ui'l_.,_., ii_i_.'r{_n_u_'li<irli_.'.,-,_._Il,llltiri., d_.,_'ribu_l l_.,r_,i<4_i_l,_,l,,Irl _I
li__li_,i_,v_,itl,, ,in_.l lil,t,r w,i','ii_e,.,,._,(._tir l',rt,liil_ir,,i!'y <i_.,{_ml:,ri,l_t,n.,.,ivt:,I,I ,NI, l,r_qr,li_l lh,ii _.'t_,,'t,r_<iii <_.,,l',C,t'l._
rt,,4till<__l_t_wtlhll l,,r,ll,llilt,-lil_t,r o_nilm,_iv_., [,liltlrt, t_l t'_ii_l_t_.,-,ilt,._It,t'l_n_it_i,_'.,:,I rt_m .,-_\,ntl_t,._i.,-,,lhd l_rt_t'u.,-,.,-._-
_{_',_."-,lu._I_._'tlr il_ i'l.,,ll_:_l_',l_i',_._ilt.,.,.,,al;_.l[hal in'll_,L,rll.,L'.. irL,,_,' t_ ti_.,l_lIt,.,..,lil'lq.
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The _.&MS Department provides research and devel- In other research, we investigated the extended duc-
opment services in materials science and technology to tility of pure altlminum defl}rmed to ultralarge strains.
meet the demands of all the major LLNL programs. In These strains are far greater than those accounted for
particulab we design and develop advanced materials by superplasticity, and a new mechanisrn, geometric-

for special_and frequelltly extremely harsh_operating dynarnic recrystallization, is proposed to explain this
conditions. We also test and characterize such materials extreme ductility. According to this scheme, small crys-
to obtain the necessary parameters for weapons design tallites form during the deformation as a consequence
codes. To meet these commitrnents, we maintain labo- of the large increase in high-angle boundary area, and
rah_ry facilities that fulfill nearly all of the requirements they account for the enhanced ductility.

of modern metallurgical and ceramic applied research Theoretical studies are pursued on a variety of top-
and development. These capabilities include arc, induc- its, and our theoretical and computational program has
tion, and resistance furnaces for melting and heat treat- been selected bythe C.&M_. Department for enhanced
ing in a variety ofatmospheres, and facilities for hot future growth, lqere we report results of phase-stability --
pressing, sintering, grinding and milling, and sputtering calculations of ordered vs disordered states using ser-

and vapor deposition. We also perform mechanical test- eral theoretical approaches.
ing of specimens in a variety of ways and environments. In other work, the superplastic properties of ultra,

Research and development is carried out prirnarily in high-carbon steels were studied and improved. Compo-

the following general areas: physical metallurgy, joining, sitional modifications were discovered that slow the rate
forming and processing, metallography, ceramics and of carbon precipitation during cooling, and subsequent
glass technology, cermets, polymer composites, coatings warm hilling establishes the superplastic microstructure.
and surface modification, and corrosion and compatibili- As the fabrication of most rnetal _objects begins with

ty. We also perform analytical and materials characteri- the metal in the molten state; we find it important to
zation functions. In addition, C&MS administers and study the process of solidification. Rapid solidification

operates a facility devoted exclusively to research on plu- of stainless steels of varying composition was studied
tonium and uranium. Future capabilities will include a by electron-beam melting of the surface, leading to very
4-MEV ion accelerator, whicla will be on-line in the com- rapid cooling. Precipitate compositions and microstruc-
ing 5,ear and used for materials-modification studies, tures were recorded as a function of cooling rate.

The Study of phase transformations is a very impor- A computational model combining mass, mornen-
tant aspect of physical metallurgy. Tailoring alloys to turn, and heat transfer has revealed a way of possibly
specific applications usually requires an understanding improving an electron-beam vaporizer..This research
of the effects of impurities, microstructure, and heat serves to illustrate the application of modern mathemat-
treatment on the transformations leading to the desired ical analysis to current engineering processes, a
product. We liave shown that the premartensitic tweed widespread service rendered by the C&MS Department.
structure 'results from small inloornogeneous strain fields Modeling the complex fracture mode of fiber-weund
and is a precursor to the actual nucleation sites for polymer composites aided in designing unique struc-
martensite. The premartensitic structure is correlated tures. The successful application of this technology for
with a change in the vibrational spectrum as established a compressively loaded component was predicted by
b5, neutron diffraction, lt is worth noting that the diffu- the model madconfirmed by tests. In addition,
sionless martenistic transformation is the basis for our improved modeling of the molecular processes that
most important all()), steel, occur during curing of the c()mposite matrix material

During the past year, mechanical-properties experi- led to a better understanding of the influence of pn_cess-
ments included the investigation of ultrahigh strain ing on the resultant properties.
rates in both copper and tantalum. We used a relatively _Advancements in ceramic processing and fabrication "

new technique in which a treely expanding ring of the continue to find applications, particularly for B4C strut-
substance under investigation is the secondary winding 'tures. Defense and commercial industrial applications ._
of a transfl_rmer. The primary solenoid is pulsed by a are being deveh_ped.

capacitor bank to initiate the expansion. This technique The use of physical vapor deposition (I_VI_-))technol-
was used to determine fracture behavior including _gy in creating engineered nanometer-scale structures
strength, ductility, and fragmentation at ultrahigh has led to improved rescdt|tion and advances in the .:
strain rates with controlled heating, efficiency of x-ray ¢q:_tics.
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Studies of Premartensitic Behavior in.
the Nick, el-Aluminulm Beta Phase

Our Mgh-resoh, ttion electron microscot_y altd ileutrolt-scatterittg
stttdies have shown, for the first time, a direct Ivlationship
between the evohttion of premartensitic microstructttres and
the anomalous lattice dynamics of the ordered ,ickel-aht,tinu,t
beta phase. These studies have also shown that martensite
nucleation is a localized heterogeneotts process at special defect
sites within this premartensiticalh/ modttlated lattice.
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National Center for Electron Micrt)scopy at the I_.awrence unusual clip ill frecluency at the wave vector(.; (},16,
Berkeley Laboratory. Neutron-scatt{.'rirlg experiments .which deepens furtlaer with cooling ,as M s is
were carried {)tit tat 13rooklaavun Natitmal l_aborcltory in approached, Tlae position _ (LIb along the <1l{)) direc-
ct41aboration with 9, M, Shapiro and cc)-wc)i'kers, tion in reciprocal space c{wresp{inds to the location of the

diffuse satellites that we observe in the diffraction pat-
Results and Discussion terns. Satellites flanking Bragg reflections at:e the sigma-

Cure of a structural moduhltion and, indeed, their
TI,? CTEM images display the quasi-peri0dic tweed distance from tile Bragg peaks is inversely pr_)pcwtional

strain contrast [Fig. l (a)[; electron diffraction reveals a to the rnicrt_mt>dulatitm wavelength in the real-space
related diffu,qe scattering--both sti'eaks and satellitgs_in I1REM images. _'
the vicinity t)f parent-phase Bragg reflections ]Fig, 1(b)]. The evolution t)f tile prernartem;itic rnicr()structtlre
Contrast amplitude increasesand striations become and its role ill tile martensitic transfornaation are under-

more sharply defined as Ads is approached. The diffuse stood as follows. As. the alloy cools, distortional fluctu-
scattering ihtensities also increase, a tj•ns related tc) the softened ph•mm modes "freeze

Using EIREM, we can see the distorted atomic ctm- out" in the strain fields of lattice defects having appro-
figurations that underlie tile tweed contrast, The priate transforrnatiorl geometry.. Tlle m_)st numerous of
microstructure is a fine-scale mosaic assembly of vari- these are associated with centers of low strain ampli-

ciusly distorted and modulated domains of fractional tude Arising from atomic size differences, point defects,
nan•meter-scale atomic displacements [Fig. 2(a)]. impurities, etc., and result in the tweed d()main sub-
Images of the unstrained lattice c)f this ordered cubic structure. Theremaining defect sites (e.g., structural

parent phase must be calculated [since the unstrained interfaces and dish,cation tangles) have significantly
lattice canrlot be retained from elevated temperatures; higher associated strain amplitude)s, and the distorti(ms

see F:ig. 2(c)1.. With proper choice of imaging conditions in these regions approach the critical strain required for
f()r tilt, crystal orientatit)n t)f interest, vve simulate a
square pattern of repeating white dots that is directly Figure'2. hnages of premartensittc nickel-altaminum
related to the projected coltlrllllS of atoms of either all- alloy. (a) HRI!M image, (b) computed
nickel Or the rnixed llickel-alurnintlrn sublattices of this strained or mtcromodulated pattern, (c) relation of filesublattices

and computed unstrained pattern, and (d) model of lh• premarten-
bt)dy-centered structure [see Fig. 2(c)1. sitic micromodulatlon, '

Comparison of the c_bserved and ideal unstrained (a) (b)
patterns pr(wides insight into the local at_maic mc)re-
ment s." Within the contiguous domains 4 to 6 nrn in
extent, wu find an inhtmaogenet)us naicromodulated
substructure. Each three-dimensicmal domain should

c(mtain One of six possiblevariations of the micromod-
elation, where (rely two, roughly parallel tc)the traces
(:ff(}1()) and (11()) lattice planes, would be visibh_, in this
(0()1) viewing plane. The modulaticm in\,cflves 6 to 7
lattice planes with a wavelength tri"abt)ut 1.3 nm and is
derived tr_ma a sinusoidal displacement wave ("shuffle")
supt_'rimpose&t on a ll()mogene()us lattice shear ()f the
f()rm {11()}<lt()), as sh()wn schematically in i;_ig.2(d). A
simulation ()f this clist()rtional pattern can als() be made (<) (d)

II:ig. 2(b)l, and it is in qtiite good agreement with ()ur / I(11()1 O Ni

_)bserved images. ' ,'_k "f)'- /_" ()Al (.' hJi 4-- ("_..--IIl()i---( eq[_

Shapir() et al.4 " used elastic neutron scattering tc) rT4_.p<,.__"N_"_ "1/''19 --!_

inv_,stigate the functional characteristics _)fthis quasi- _ " "
static micr()structL_ral assc, mblv, and inelastic scattering I I I()l

_ ql)l C)

t() pr()be the lattice vibrational ()r ph()non spectra ass•oi- _ O/qDat_.,d with its tl_,velopment. The latter reveals remark- It()0i b 9
ably anomalt)_s behavi()r fc)r the x4lr_G()ltransverse
ac{)ustic rn()cle c()rresp()lading t() displacements ()f the "41-- ) )
{11()}(l-i()>type mentioned ab_)ve, The, entire ph()non ! _ ,, ) _ li ()1
branch is {)I:exti"emely I(,)Wenergy and exhibits all
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transf{}rmation. Consequently, these bee{rule favo3:ed 'l'llis a',_,rkwas sul_t_vrled I,y I&' lgi_qsii,I v/Ma'lerials
situs (the strain embryos) for heterogerwous nucleation ScieJlcc {![Hie 1901! ()flicc of Basic tJHer,_y Scielln's.
of the martensitic product phase at M s. In the nickel-
aluminum alloy [32phase, we find that the amplitudes References
of the {11{}}{11{})slwars and shuffles are increased at the

heterogeneous sites to form nuclei of the 7-lattice plane, 1, J. W. Cllristian, The 7'hcvry{,1Phase "!hmSli,rmati_,Jlsiu
Mclals alut Alloys (Ik,rgarnon Press, (}xt'ord, 1905).

l.47nm-periodicity orthorhombic martensite/' 2, V. V, Kondrat'vev and V,(,. l'ushin, Phlls. Met. Mehdl.
60{4},{_2_}(1985),

Conclusions 3. L. E. Tanner, A. R. l'elttm, and R. (;ronsky, 1.de I'hys. 43,
C{}IhN. C4, C4-169 (I t_82)..

With these expe'rimental observations, we have estab- 4. S. M. Shapiro, J. Z. l,arese, Y. N{,da, S. (2 Moss, and I,, E.
lished for the first time a direct relationship b{'tween Tanrwr, l'hys. Rcv. L{'tt,57, 31{-}{-}(1986)5. S. M. Shapiro, B. X. Yang, G. Shirane, Y. N{}da,and L: E,
the evolution of the premartensitic niicrostructure and "lbnner, Phys. I,h'P.l,t'tt. 62, 1298 (I989).
[]1{2 an{}malous lattice dynamical behavior {}fthe parent o. I). Schrvvers, L. E. 'lhnnel, and S. M. ShaF,ir{},in
phase. Furthern_{_re, we have shown that martensite luternali{,nalMwliny,s {mAdvanced Mah'ri(lls, K, Otsuka and
nucleati{m is a h}calized heterogeneous process ai spe- K. Shimizu, Eds. {Materials Research S{}ciety,1}ittsburgl'_,
cial defect sites Withir_ this premartensitically modulat- Pa., 1989), Vr}l,9, "Shape Memory Materials," p, 35.
ed lattice. On the basis of these unique observations,
we are now developing theoretical models 6f the mech-
anism for martensitic nucleation.
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between adjacent grain sizes, the increase in the th_w l:igure 2 summarizes rr,suits t:{wtantalum at peal,:
stress at a given strain ns tlw gratn size decreases from strain rates of 7()()0s I. The pt_wdc,r-metallurgy rnateri-
150-200 pm to 10 I.tm is unmistakable. The,variation al, TaS, has a slightly higlu.:r flow srrc,s,,.;than the,elc,c-
frt;m spedn'ten to specimen can be rc,duced by 3(I to tron-beam-melted material, Tab. A striking featt.lre of
50% with more uniform working of the material prior the data is the,apparent absenct., of any llardening as
to heat treatmerlt. When the higher temperature {)f the, the strain increases. The flow stress 12)rTa5 is in excel-
ring experiments :sis taken into account, afire,emc,at with h.,nt accord with thc, lower vMd stress data of l t{)ge ancl
the data of Follansbc'e s appears to be excellent. Fqgure 1 Muklwrjec,. _),Average strains at failure are 30 it) 35'Y_.
also indicates the average of the observed strains at
failure for each grain size, obtained from the measured Di'scussiorl
radius at which the first break in the ring occt_rs; these

: .1zt. i-7ollan,.;beeand Kocks I° developed a dc,tailed constitu-values decrease with il_creasing grain s"- ,
tire model based on tlwrrnally activated glide (the

Figure 1. Stress-strain results for OFE copper rings, mechanical threshold stress lM'rSI model) and applied
it to OFE copper witla a 4()-1.trugrain size, The stress is

().._ given by,

' ,10till3 ,3,}-.q,) _.lnl ,1,_I 2 ( L._/. _.()) 3/2

a2 o.3 - where the flow stress at 0 K ("naechanical tlu'eshold

Cj stress"),. 6, is partitioned into athermal o a and tiaermal
..2 - ± r * I._0-200I._m _t = _"- _a components, Gi) and 'cu are constants, and _'
. is the strain rate. The evolution of the material struc-

ture, in particular its strain-hardening behavior, is spec-/

-- Failure _ ified in differential form0, 1 as
I

II _ I _ I _ I _ d6/dc =00ll -/-'(6)1 , (2)
{1,1 . 0.2 0,3 0.4 (L5

Strain where F is an empirical function of the hyperbolic tan-
gent of the naechanical threslaoid. Application to the
expanding ring, using measured strain-rate and tem-

Figure 2. Stress-strain results for tantalum rings, perature histories for 30- to 50-l.trn material, yields
The dashed line was computed using the acceptable agreement (Fig. 3), al thotlgh the calculated

model of Hoge and Mukherjee, ° The dotted curve is the quasi- curve generally falls above the ring data: lt is importantstatic stress-strain behavior of a tantalum similar to Ta6.
to notethat the general shape of the stress-strain curve

IL7 is described reasonably weil. While the MTS model has
'¢'" -- " """ _ Failure, 1"10 explicit provision for the effects of grain size, if the

/ I _ _A " ""- _ atllerrnal cornp{merlt of the rnechanical threshold is().h _ . -.i Failurc' increased from 40 to 7() M i'a, an excellent fit to data ftu"

" -[ l()-t.tm rnaterial is obtained (Fig, 4). However, agree-0,:q -

I'mvder I:'.l,.'ctron-beana nleltecl, merit is l:,oor even when Cia is rc, dtlced to 0 for the
"& mt,talltlrgical, [ h_ Hm ('l'ah) ..........(),-I_ .........
rO 25 l_m (T,',5) " ..........
:_.: ...... Figure 3. {),5
_. I).3 .........
j.. 0.,o,"'''

,"' -- -- -- I Iogt' and Mukherjt'e m_ctel Comparison of the (),,1 -- ...__.=.-'---'IMTSmocM .........- -
, ,,,...,, -:. • , ___._._ . _().2 -7.." ()uasi-,4atic (co "nprt,ssitm), MTS model with % ¢ ._
' t'h,ctrcm-l_t'am mt'lied results for30- to 50-#m 8 (1,3 -- " " "

().I - OFE copper, - ¢,.._ _"rz: ct_pl't'r''
1),2'--" /

, _-, #¢

(I , I J I .... • I _ I _ _-"i z
().1 7"{} _,.I {}2 {},3 (),4 {},_

.',l,..,i. {} _ l_, J I I
(I {1,1 0,2 ( ,3 {I..l (I.q
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spi,cinluns _,,,tt'll,1150- tL_2()(}-_.1111gr_.ljn si/,(.,, 'l'huse nltt'rt_slrtlt'ltlrt, clt..,s m_l duvtatu stll_lnnll,llly l'n_m lhnl
t_bsurvalkms stIF,g_.,st[hal, ,lllh_ugh tlw duscrit_ti_,n _,1' _1 thu mnt(`,,'ln}usud tt__lurlvu tlw m_(`tul i_'_,lram(.,t(.,rs,
the strt.lcttlru t,v(.dt_ntton(`,t-r'lL',_t.li{.,clin tlw t'tlr_cllt_n 1' ,lncl I::(u'micrt_trttcttlr(`,s thnl art, _tlbstantlallv rill'ft,runt, tlw

tlw initial llardontng ratc, (-)0i_ aciu,.ltlatt, for mah.,rlal of c_tht,rmal .,.',true,,-4and tl_{.,I.',ht,r_unwnt_l_gtcc_l ct(`,sci'il_tion
grain .,.4izt,ct_mt,arat-,h., Lc}thai tns(`,ciin lhu originnl fit- _1'thu structtnru (`,v(_lt_titn}must b(.,nu)dll:h.,_i, A similnr
Ltr% it rnav ruquiru m_dificati(.,'_ tim' maturlal that Is thermally ,_cttvatt,ct aF}F',roacl_I.',r(wiclc,s bt.,tt(`,rthan
subslnntially different, (_rciur-.of-magnituctc, estimatus of thu flcn,v st russ uf tr_n-

I lugu ,lhd Mul<l|erjuu" appllt,d thurrnally actlvatud ,talum, but falls It_duscrtbu tlw al.parunt lnck (_t:hardun-
glidu in their analysis _._1:thu fltm, _tre.,..;s_1'tanh_lurn, il_g nt _trair_ rat(`,s_1'7()()()s I,
and tl'wv specifically iduntifiud thu I"uirels n_echantsn_
with thu tlu.,rmnl ct_ml:',t.wnt, Thuv al,,,_oinvokud cllsh> 'l'lti..;_l,_.'k._.s ,_Hl_l_.'h'dILl 14/_'ltl_l_ll,'_Siil_l_l_rlilt,yI_.c._l'.r_'h
cation drag and ru_,glucted any h_11't:1011ing o1' structural a_td th_' 10_,1_(_)lll'i£(' (Jl/' Mot_tilil,ts,
evulution, 'Fhu tht:,rrnnl component of the struss is
tcbtainud l:ron_ thu solution of References

_!:: {Cflt.'×l_l(CI_,(i//¢_l')(1-(3"(/_1,)2] + [)0/("/(}_1 (3) 1, (',, Regazxtml,.],N, .]ohnstm, i.llld I_,_, I"oIlan,_ibuu,//,gA,'l/_' I, AIV_I,.Mech,53(h),.51_-_(I _-_t_),
2, R, l)orrnt,val ,_ndM, 5tully, lu._l,I'hy,.;,C_ml,,gcr,47,

whuro c_I, is thu l'eiruls struss, I_ iu a drag coet:l:icic,nt, 154(lt)7c_),
and C()and C;()aru cc_nstants, /ks in thc, IVlTSrnodc, i, the 3, II, C, Walling nncl M, .I, Furrustal,/i/AA l, 11, 110h (1u73),
l:ltm, stress is assumed tt_be thu stim o1:o'I nncl an ather- 4, 13,I,',,ciradv and I), A, l'k,nson, lC.vi;./VI(,('//,23,3t_3(1083),

5, W, I1, C;t_ui'dirb], AtV_I,I'hl/,_,65(2),,411(It)Hu),
real c(m_ponent, c_,_. h, W, II, C;_..lrdln,5, 1,,Wt,lnlnnd, and R, M, l'lullng, I,_'_,,.'-,ri,

The stress-strain behavit_r obtainucl t.lsing mt,ast_rc, d lustrltlll, 60(3), 427 (IC)Ht._),
strain-rate and tIhernl,.ll ltistori(`,s in l!iq, (3) is eornparod 7, R, II, \'Varnes,T, A, I)tll'ft'v, R, R, Knrpp, (|lltl A, Ii,
irt Fig, 2 with the rir_g-expartsiort results, Altl_tmgh thc, C'drtlt,n, ,q/ll_'/,I/Vtt_,_'s.ud i ligh-.qlrttitt..I,_.h'I'IIClI(IIII('IIlliU
model st_ccc'ssl:ully prudicts the genc, ral magnitude of A/h'hds:C_.tCClq,_ttud Aiv_lir.ti_.ts, M, A, J'VIt!vt'I'S nnd I....I:,,

Murr, lids, (l'luntlnl l'rt,ss, Nuw Yt_l'k, ltlHI), pp, 23-.3h,
thu t:ltm' stress, thu decreasing strain rate and rising _'.LI', S, f"tdhansbuu,A/h'hllhtr,,¢ic.I,'Xivdic.ti_.t_!I5]lOt'].,-l'VllO¢
ternpuraturu ,asthe ring expands l:)roclt.lcc,a dtwcnward m.t I li,_,h-.Slraiol-I._ah'I'h¢llOIll('Utl, I..,E, Mtlrr, K, 1',
trend in thu calculated results that is not in accord wil:h .qtaudl'tanarnt,r, and M, A, Muvurs, Eds, (IVlarc,.,Il)c,kke,r,
t'hu observc, d behavior, "l-'laissu,,,2,gusts that sunae hard- Nt;w Yt.'k, It)V,_),H", 45 I--,:lTtJ,
uning must _cct_r t(_cuur_ter tlau t,tt:et:ls ()f strain rate ,-),14.,(.;, I loge artct/\, I,(,rvlt_kherjuu, ], M.h'r, 5;ri,12,
and thurmal s_l:tuning, q-an ta lurn can certn:,_tly sl'trw,, I(-,t,('_(It_77),1(), 1:%,lrtdlanshut., and U, I:,Kooks,/l_'ht Ml'htll, 36, H1(,IqSH),
StlCh l_n|'duning at quasi-static rates, as illustrated in
Fig, 2 t:tn',an (`qectron-bc, an_-multud and f(wgeci material ...............................................................................................
t_nrulat(`,d but similar to qab, ?Figure 4,

1() tllll _

().4 -- T_,:::7()Ml'n _..._,...."_","_,l,,, C'omparlsonof Ihe

Conclusions _2 / , _",,_,,: ....._....._ ! MTS model (br(,ke,]_.9(),?, _ /'f" ,_,'"......... I.,(1-.(10t m lines)wttlt ring data
kev'(`,laavu dum_,astratud that c,lc,ctr(maagneticallv _• T/ .,'" '....... for 1()'Hmand 150-to
launcl_ud eXl:_al_dingrings can be used to obtain ruliablu ._ (1.2 / '" 200-_tm 01:1:',copper,
constitutivu ir_t'tu'n'tati(m at tensile st rnin ratus of 103 tt_ u-, ,1 ."ft,-_:(i(LI -;,' ,

1()'I s-1, and have appliud the techniquu t(_ct)]._lg(_,rand : I 1 ! [ I ..
t,lntalum, l'relirninarv ct.a_parisorts indicatu that thu (), () ().I ().2 ().3 0.4 {).B
Mq'B m{}clul 19r{}victusn g{}(.,.iduscripti(}n {}fthe struss- ._tr,_in
strdill belaavior of ctq_-_tgt.,rrings as l{mg as [Ih(`'initial

) t



Many metals altd alloys cml be plasticallydeformed to
ultralaG.e strai,s utlder certaiJl co,ditio,s. We have i,vesti-
gated the fu,dame, tal basis of this exte,ded ductility. Our
,ew u,dersta,di,g of this phe,ome,o, allows for more effi-
cient ,letal-formi,g processes a,d offers ,ew i_lsight i,to
dynamic restoratio, processes,a,d the ,lechallis,1 of elevated-
te_nperature plasticity.

llltroduction ()tlr invustig,_li()n had tw()sep,lval_' ,_spt,cls, I,'irsl, ,I
belier tln_.lvrslan_linq (_l_,xtt,l_clt,ulcltlclililv w(_ul_l ,lll_w

II II,Is rt'cenll\' Ix,en disc{w{_rL,.Ilha! s_rnt, mt'hlls and this t,he,_,m,.,w_n t_ he,us{,d I_r n-I{_r_,elfici{,r_l mt,l,_l-
,llh_vs c,_l_I_, Plasliq_llv _.lt,l_'l_,_.l t_ in_rt,diblv hlrgt, t{_rming t_l-,t,r,llic_l_s./\ch e\,ing s_lt'l_an t_w.l_'rslan_li_b,,
_lr,linb un_tt,r curlail_ c{mulili{_l_.'-,{_1'_.lt,f{_rn'_ali{_nt'alu, r_.,_.lt_il'us(I) dc'lurminin_ tlw ullu_'t _il slrain raft, ,_l_.l
l_,lrll-_el',llllrt,,and sll'{.,sssl,lIt' (h.,ll.'-;i_,_n,c'_,nt:,russi_n, _r It,rnl_t,ralurt, {_n_.ltldilitv al eluvalL'_l l_,111[_t,rilltir_.,,,4,,1nrl
l_.'si{q_), S_wi_'Lwc_rl<ur._I I_tlnd thai al rc_tlghlv (),7"_'1',,_ (2) an al_l:_lic,lblt, lhuc_rc,tiq_lal_alvsis, 'l'l_, se,_'c_l_l
(/,_ is tlw absi_ltllu nwltin_, tuml_urilltlru) and at rulativv- ,Isl',t,t'l {_1[ht, ir_\'t,sligali_n c_nsi!-;ted t_l caruftlllv _,xaln-
Iv lli u,h slrair_ rates, tht,ru ,Irt, dr,_rnalic tluctililius v,,ill_ ininq tl_t, _lvlc_rrned mit'l't_strll¢ltlrt, as a ttlr_vli{_l_{_1
l,tlru sI'w,lr _.' l_..'_i_n in nwlals stlcl_ ,is relativt,l.v l,tlru slrair_, tlsing l_lari:/,vd liMhl an_l Ira__s_'nissit_nt,luctr_n
,ll_milit_nl, I"{.' e\allll,l,.', a _{_IMcvlinde,r _'-_:, mm hm I- micr_sC{_l-_V.'l'his eml_,av_.' evvntt_allv r_.,v_,aledvery

l_vi_l.'--,/minal r_tl):,llly ().7!Vl',;_l_._r_n_.'t, lh,lh 5(l(} rt,\'_4tl- stli',slantial r..,w insight iilt{_ Iht, rai_,--c_nll'{;llii_ l_r_wt,,,-_s
[i_.is v,'ith_.,t,[ l,_ilur_.,,l'l_i.,-.tln_ti,lllv hiu,h l_,v_,l{_I plasli{' l{_r _.,lu\'att,_.l-.t_'ml-',_'raillrUl'dasticitv, .g!il-,t'rl_tlrt' altl-
_l_'l{.'lllati{,l_ i_,t'qt_iv,llun[ h_ llw t_nia\ial {'xh.'nsi_n {_fa rnintlm was cll_svn as lhr' nwl,ll l_._l',t, iilvt,sti_4al_,d.
l(l-rnm-l_.,nq Sl-_.,cinl,.,nI{, ,i nmr It,nh,tl_ _._I_x'_,_'I(}_''_mm!

lhis l,h_,i_{_rw,ll{,n is w,t tl-l{,_,n_,til,lt Ilas 111_.'{,n.,cu_It-- Extended Plasticity
I\' l,_,_'n_.lu_{'ril_v_.l,l_ "_,.ll,_.,rl',l,_l_ti_,'it',,,."Sl.il,_'rl_l,_.'-,ticit\'
_'-.l_,lll\' r_.,l_.,rst_ ,i rll_..lest _,nhai..'umunt {_It_.,nsilu_.It_'til- l'lw t{.'si_'ql,ll _.' slwar _.It_ctililv _I tht, altlmin_inl ,is ,i
if\' ill lL,rlns _I ,in in_n_,,ist,in _z,aq_' It,ngih bv a la_'l(_r(_15 , lllil_.'li{m (ft lt,nll..,rallir,,, ail_.lstr,lin rate is illtlMral_.,,d ill
_,r n_, \'\g, ruh,r I_ ll_v dr,lrl_,llic sh_,ar_r l{.'si{_n,ll _.luclili-. l"iq, I, /\I e,lcll straill r,ll_.,.[lw _.llldililv lirnt incru,l.,-_,s
Iv a_._',vl_'II_h'_l_hl_lililll. 2 wilh lurr_l;_,r,lltlr_, I[_ ,l "l,_'ak dllctilil\.'." l,'_irllu.,r iw.'rt,,l,,-_t,_
............................................ ............... in lUnll..,raltlr_, bvv{.l__l lllt' "l_uak-_.It_clil'ilv tt'_nl',t,r,lltlrv"
l:igure I. r,:'st_ll in clt,_'_'_.,,isc,sin {Itl_:lililv. l)r,ln_,lli,.' dli_.'lililb.,s ...._II:_(I

_' l'_vl.' I_lu,;'4u'' ,'\I, _' 2, I., _ {_,'__,_'7l) (_wt,r 2(1()lwisls) in s¢.rl_, _',isv.'-_-,ir_,_4_svr,,'_,_.lin

The variali(,n(,I lhL.... " hi'-,'4t.lv I,,,.,,,_,,' ,\I_/..' ''_ till' vit'inilv _I' lh_.' l,_,aks. 'l'h,.' l..',Ik dti__'lililv ,l l,l_,,i rs I_

l(,r,-,i_nall.allure{ductlllly)"train'h)'(,f:_:' a I,; . III ' '--ilr,_i_J I,? ilWI't',Ist' _villl slr,lin r,ll{,, antl lilt, lc,llll_ur,lttlrt' ,ll wI_i{'h
purealuminum al :_-_ _:LI • II__ r,_t,,,, l_t'al<.Ll_i_'lililv i'4_d_s{,rvc'diil_'rt',l_v.'--,wilh irl_'ru,l,'-,inq
three _,Irain ,'ate_, i_i II,_ I _[raizl ral_,. l'lw_,., lrwM_ ,irr r,lli_n,lli/.u_.l l,v IIi,,, ['\l_t'_.'hl-

,: [ ti{_n lh,ll. ,11l_v,'_.,rIvnll-..,r,_l_.ir_,_-,.i_wru,_sing It'rnl,_,r,_ltlru
•7 i_ ,_._;_'iat,.,_.lwith iil_'rua.,-,i_)-dVil,lnli_:rL..'_;V,.,r\,,wlli{'ll

..(
"' _l_i_.'l_.,,lli_nI_l,r_,_It,.'_,iil_r,.,a_,cl_lli_'lilil\,./\tllighIL'nl--

"-_iI_" l',,.'r,.ll_Ir_'_,_.lill_Isiv_'l_n.'f_,'ln,lli_ml'_,_l_i_'_,slh_,_.l_l_.'lilil\'.
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We review our recently developed advanced theoretical meth-
ods of studying alloy phase stability, To illustrate these meth-
ods, wedescribe the effect of a tetragonal distortion in the
body-centered cubic (bcc) crystalline structure on.the theHno,,.
dynamic properties of transition-metal alloys, We also dis-
cuss our predictions Of the existence o.f new ordered states
based upon the A15 crystalline structure,

Introduction and Methodology pv0portio,, of a given alhw (,-iL"1'= li K) as wt, li as tt_ st_lx,t,
tlw statistical I:,avt of tlat,19t't_bh_'na,_lI'llust' l:iC'ls,,as calcti-

'IGw _tttclv _ll' ol'¢tt'l'illg Igt'twt'_os ila bilaary sttbstlttlti_n,al latod tt_ tlw LII'M ct,att.,xt, dope, lad twi tlw go_lmotvk',al
alltws i_ of groat tiatoi'ost tta bt_tll the thoorv ,aiacltc,clatat_l- charac'kwlslic_ of tlw t.'ltl_lt'l's (1,o,, ttll3olt_gy atacl tnotric)

ogy (_1',llltw plaa_t' st,ability, ['vlt_t (_1the, play_lcal i._i'tG.',- ,_ wt, li a_ otl tlw allt)y I__av,lmt,tt.,v_: tlat., tt_t,_ltat.itaabuvt_f
t_,l'liosof lhr.,,alltws dt_,pt,tlci t_n flat.,tlCCtllTOllCtr of t_t't;Iol'ocl oloctt'oias of tl'w latltlaL3t'l' t_t' VOlt'laCC' t,lt,ctl'tm, tfr oa<h
t->llast,siw ltatt.,rmotalllc ct_taapt_t.tladn, t\llovs b,ast.,d ttpota slgt.,t:'tt'sand liwit ctwlct, tltl'atl_ns, I lt,two, liar, twdot'iiag
mimlglo ttnclorlyit_g crv_tallirw _tt'ttclttros, _tl¢la ,l_ t'il¢o- t,llt, l'gy, t,c,, tlw dil'forotwt, in t,twrgy botwt,t.!rl tlw tt_tollv
ct,att.,rod cubic (fcc), bcc, and lal,x<agtwlal ch)so-p,ickt,cl t)rdort,d and dis_wdt,rt, d st_att,n, tako_ tlw t't_lhw¢illg I(_l'lla:

(ht.'lg), tt_r which ,i large variotv t_f t_rdt_,rod _tatc,s can 1
cxi.,-;l,h,avt_,lhcrrt,fort., t'o¢oivod mtl¢la atlc, tatit_laira rocortt A/::t,t.d({/;tl}):= _ l/am (t_n" l'X/;t_a-'_'1
\,t,ilrs I 3 Uiaft_rtun,att, lv, I:ow ftlrld,_mct'lhll stuiclit.,s hil\,t, 2N

i-_t,t,tatttldt.,rtakt,la lt_ in'<o!digatt:r rho iiltorplay bc!t_,._,,trl:,il I+ . _ l/l_il_l(/_n- ('Xl_t_a .-.cX/_I -l')+,, , (/)
crvstallint, _trtlctt.trt_,, t,lc,ctl'ollic I:_rt_portit,s, and ¢t_i'll'igtt- 3N
ratioia,al i_rt:lt,r il__t_lb_tttuti_,lal ,_lhw_, (Dr .,..;i._t,t.'i,alIiltov-
o_t ,_ro alltw_ lh,at clop,lrt fr_ma lOt,ai simple ¢l'vst,allltao trt_l'any partlcttl,ar ctwlfigtivialiot_ stwt'tfit,t:l by ,i _t,t t_l
r._tl'tictttvotw la,l\,t, ,a ct_lla|-_lc,x cry_tallogralphic ,lrrallgt,- twctljpatit)l_ t_ttmbor_/_ta (/_, :--:() tw 1 ctoIgt?llclll_gt_ll
Illollt, ,as irl tlw caso _t' tlw I:r,ltlk-l<,l_per pl_t'tsos,'1 wlwthc, r tw t_ot silt, ia is o¢cttpit'd by ,I 1]stgt,cic's), 'l'ho

\,Vl_t'lado,llivtg with ,a I'llicl'tl_ct_pic dc,_¢t'tl',tlt_tat_l' pt_tt_,ntlal.,.;V rolt,r tt_ tlw l:',L'ls; ill tgal'lit'ul,ll ', l/i_m i.,._,1

t-_ll,a_t,_tabilit\,, ,_tat.,la,a_to ct_mbitao t:,lo¢lv,_nic-_tructtirt, pair inttwaettt,a botwt,ota _tlt,_ laatadlaa,aiacli_ givt,ll by:
t:alctil,ltit_n_ with _t,alistical sttidit,_, t_,,lchhaving a high

t;Iogrt.,t_(_l:ilt'Clll'ilt'v, ()Ilt.' _,\'il\ t l(I ,lt_'l_it,\'t'SLIC]] O goal is l"tua_ . ,.,_ -t- , _uu
tt_ do._igia ,I rt,fc,t'onct, tnodittm that i_ ,l_ clt_o a,_ pt_il',lo
l_ ,_I_Vtwt:lt,t't,tt _tato t_l ,ataall_v l,,a_od tlIgl_ll,1givtm Tlw tqt,ctrollic _trttcttlrt, _f tlv<,l't,ft,rt,taco ilacdttltal COll
crv_lallint, _LI'U¢ILII't.',%t.l¢l_,I _tlit,ablo mtrclitlm i.,._givt.,n 19ot,btaint_,d oitlwl' ira ,1 fir:d-l:wilwiph,_ ft'ilt_"lt,wl_l'k _tt¢l"t

by flat, tt_t,all\, ct_latigtirati_tl,-IIIv di_twt:tt, l't,tt .,.;t,ltt.,,,l_ cal- ,a_,_tlw l<orritag,_ I<t_lll_I,_t_lt_kt,r---L'l'A,bil_t,t:lt_i'lt_aultil,lo
c'til,_tc,d b\, tiat, ct_laovt,lat pt_lontial ,lt_lgroxim,_litw, (L,i'A), st',lttt_,i'itagthe,tw3,,t_r b\, tt_ltag Lhr,st,mit;_lwt_t_rlwllt_lt_-l-.

Wlaota a porttirbatit,a tc,cl_tliCltit,,tlac,_o-calh'd golaoral- c,iI tight bitadllag taaotl_l_d('l'l?,-t'l 'A), l,',ithor apprt)ach
i;,'.t,t:119t,l'ttirl-_,_tic_l_lntqht_cl ((;I'M), i_ ,_pplit.,d tc_this rt.q'- rt.,prt,_t,l_t_ ,a t:_t_,rlitat'ntl'c_tltt,t't_i'thf str10is,_t r roh_tivt'
t'vt,nco rawditlm in _rt.lt,r t_ takt, tlatt_,l¢ct_tli_t I_,t',-iI tgh,l_t_,_tabllitv at '1' ::-:(I K (I,_ot:,5), N'l_ro_vot', t'_nalgtltiia_,
llllc'tti,_tit_l't_t_l <_wwt,ntrtltit_ri tv_rvi silt' t<,sift_,,_l t:_l't_lpt.!l' i_hilst_,di,lgrilms ll_r_tlgla thf tlSt, of 'I'I_,-L'I'A-(;I'M l,'.f..'ls
t:lc,_cvil__tit_il_,1:thf, ct_l_ligtir,alit_taal t:'_ntril_tltit_n lt_ llao tt_dt'_t'i'ibt, tlw _wdt,rttag t,tat,t'_,yt_latil'lt' la,and, ,_iacl,i _ta-
ilatt,rta,ll t,lat,rg.v i_ _)l_tailat,d ill tt_t'laa_t_l'il ralgit.II5, ct)l_vor- tistt<al tla_)clol_ttt'll d.,.ithf t'lti_tt,l' '<,lt'ialitwi t'rwtht)tl

gr,ill t,.',;l:_,_la_i(_la,"l'IaoOXl.,i3n_it_lat'(_t,flit_'it,t'lt_,,-iI_tlcalh,d (('Vi'V1)(_r Mtllalt,-L',arh_ _imttlatit_ta_ tt_c,llt'til,ltt, lhr, t,tltli-.
t_,ft't,t:tivt,t'ltl.,-dt,ritatt,t',wtit_la_ (E('I_), ft,rra,iii 5, jtt_tif\, lhr, Iibritilaa ct_tll'igt.tt'atilw_,ilp,ivt <_fthe tt_tal tl'ot, t,taol'gy llll
v,liditv t_fa thvt,t,-dimonsitmal gt,llorali/.ot:l l_itag tnt_t.lol, thr, t_tht,r, _h_,wotl that thf laa,aitalt,dtttt't,_ _1 t'_lht,l't,l-i{ill_cl
whit'll it_ttivll cat_ ht, tl_,ct tt_ _ttlcty rho gl'_tit_t.l-_tiltt, t_t_iw_l'lt,t'otat19l_,l_t' dl,lg, r,ltaa_t',lll I_t,tffq,lltlt,d, I _ /\.,-;,It_
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amI the unite,i-Lr, I luncu, _¢_'_:' I_ _'t _ '_' _ I_ _ _ _J_' _ thai ihu tc,t_.. ' dtld Lhr,wull knit;vt1/\1_ t.t,r_l'lgllrati_n <ii flu, ct_n_l',,,._l..
duncv I,_w,._rd,.tmuLa_Labllllv tit ,in tm.tt,rud l._ha._t,,aL Ll_n ,'\ ,,IL Lwt_ru.,win'cierud _LaLu_aLLhr,t'_n_lu',._iti_il_
vurv Nra,'Lurnl.x,raLttre,can bu Lhu._i_;rmLttru_._l',n_Lrttc'- t\_._l_l-I(X) ,.lm.Iz\TH,(Y) (_uu I;1_.,4), 'l'hust_fl._t_rt't_nfigtlr,,i-
tliral Lr,,lr_l'tlrrn,lLlt_tl,I' 'l'ht_ 1_2(bcLcasu, u.....(),3) t_ the Liun_ rt,l_l'Ust,r_Lthf t-_lll_Lpr_,_b,lblusL<ltu_It_r Lhr, II!t_sl
grt,a.ttu:l._LaLufilL '/' :=() K) and ,.is7' lr_crt,,l_C,_,,.1Ira rl.<-;!'cu'- cc_mrrum suL_t_l'li(.'ls Lh,.iLc'ilrl bu ci_lt,tll,llutl I'rt_rn Llu.,
m.atitm Lc_bcc H2 cwc'tlr_befc_rt, L'huallc_ydi,_tm.tur_, 'l"hu I'I]-('I'A-(;I'M,
lack t_,l:I'rustr,.iLl_mtn tlu., bcc ._LrucLuruglvt:,_ ri_u t_._an Wt., Ii_vustig,._Lt,dstnbiliLy tn'_qx'rtlt,_ ,.isa l'llnt'ti_m _I'
pXt.'t.'_s t'tll_ftguraLkuh.lI erlLt'tlt._y ,.ltld L'ht,rt, ftwt, fil\'lu'._ Lilt., Letllix, rilLt.trc, ill-_d c,cult't, tlLrdLl_i1 bv Illt!dllS llI' LI1u (i\1_.,_ and

bcc 112iii high tt,rnpur,lttlre, 'I"l_isuf:fucLrt,irll:tlrcus, in thu alsc_by lVltmLut.'arh.__Imulatl_m_, 'I_,l_ic'a}I:_r_l_,Lyy,.'/kIS-
ca.,u _i ihu nlktv, thu wull.kru.,<vn uxces_ ru._ldtlal vibr,:l- bast,d t_rdc,r-di_tn'dur I:,lwl,_udlagrarn.,-_.,._luw,,'rt,rnarknblu
Liurla[ t,rltrt_py, _I' Lbl.,t_rt.lur_1:(),3/,',wlu.,n t'tmlparing t:cc Ii.,at.tlrl>_,_.,.i_wlaLt.,dwtLh Liiu trltrin.'-ilc rlurl.'-iyrvlrrl_wtqlh:lLy
with bc'c', t_l'LI'iulclLticu(_t,t, Iqh,,5). AL Lhc_LtHclll_mu_,Lrlt'c'tm_lx_l-.

Wl.,l'lclvu rucc,nLLvslu_wn'; tllaL LI'lc,._cllunrludi._c"ti_c,d Liun/\31.I, Lhurui_ nu_rual _wdur-dls_m:ll.,rLranslLloncl_"1'
iri Lhu I'ir_L._uc'ii_n is al_ al_F>llcablot_ thu A1 5-ba_c,d irlc-rt,asc,s,and buN_w tl_isc_mlp_lLi_w_,n Lw_..l:,ha_u
allt_,,'_, C)rdurln_ F,ruct,_u.<_can be du_cribt_,d by a tllru,u- rc,glon Invtdvtn<,,4LIlt.,X and A 15I:qla_c'_can exL,.;tin a Sl:,U-
dimc'nsi_nal 14unurallzt.,d I_lng rrl_,:lt.,I ti_r _implu all_Lv_, c'lt:h:a%imu _1'I:!CI_,. Hr_allv, tllu X I:,l'ulsui_ i:uund _labh.,
13_,'t:_c,rl:t,rminga gruund-_taiu analv_l._ ut' Lhc,I_lng bt,h.>wthu ._tt_M_l_m_ut.rh:c_m_l.w,_tiltm/\_1_:._,_hurL-rangc,
nlt,.i'ul un Lhc,AI q laLtlct, wiLh t'lrsL-, sucund-, and wuak diffu._u ,,-.,caLLuringwiLh x rays cw tlc,t.tLi't_n_,dbt:wt, [ht,
thirtl- and ._uvunth-nulghbt_r uffuctivu-palr lnLuracti_m.%s cl_maln t_t uxi._Luncut_l'LhuX I._ha._u,._h_uld ,_hmv maxima
wu _blalnud, bu._lclu._Lhc puru mural ¢cml:lguratl_m (I;/, of dlffusu intun._lty ,_t.x,¢lflcallya,_._lgnablutt_lhls prudicl-

ud c_rclurud,_lalu, A fuw alhw candtclatus thnt uxhiblt an

Figure 4, A1_ phaBu _wur a broad rangu t,f ¢_',nc'untrali_m._hold thu

F_- 2.1 pt_ibtliLv ,.ffx,alidaLing mlch uxtx'cLaLi__n_,()rdt'rt_tl .,iiru ct li rt,.,t

ba,_ed tlpllll lhr, AI5 Concltlsion
¢ry.,,taIll nt.,stt'tii:t ill't!,

Altlu_t.lgh StllnU l'llrllldl pl'llbil_'lll.q 1't'111,1i11til ht, st_lvc,d if

I: (Ai Y (,,\;,iii Wt" art! tri 1.mwldt, il qt.ianiltaiivt; ab initit_ 5tlltliJtlll tri I.he
gunural i:_rtlblurrl _1'alluy t:_laa_ustabilii._; wt, la,ave_h(iwn

:'-H . '-l _ thai nc,w c,l_lac't,t._tsiliad predlctltm._ c'ala_t;t.,l:ll.ll'tt,xt_uri-[:- [ II i F-I/] mt,latal wtirk, "l"hl_ dt:vul<ipnu_,nt lat,lt_lstgrt>mi_ufl,r

tfr h tgl'i-l:lt.irt'(irnld IlCt.,, 11igh-tt,m tTlera Iii rc, ill,i Lt,ria l._,

I
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Wt' have improved the superplastic properties of heavy-section
ultrahigh-carbon steels (UHCSs) through microstructural
refinement. The microstructure has been refined by adjust-
ments in alloy composition and by improved thermomechani-
cal processing. The compositional modifications slow carbide
precipitation kinetics enough to prevent deleterious carbide-
network formation at grain boundaries. The conversion of
thick-section material int o fine superplastic microstructures
was achieved by combining an isothermal transformation, pro-
ces s, which controls carbide morphology, with optimized

warm-working temperatures for grain-size refinement.

111trod tl Ct ioll 'lGw na(;_t prr>na l_ing ._tt,el_ t't;r ct_laainel'cia I a I._t._1lc,1t i_ns

are hy[',t, retttt,cttficl alltg,_ ct_lat,_ilaing 1 tt_ 1 ,_q_,._,'t'_,¢,arht;la

l'ht, fabl'icati(;l_ t_l t,lagillt,t.,ril_g Ctlll_l:_tlllC,ll[_ b\, _til.x:,r- (I 5 tt_ 3() x't;l';.;carbide }__articlt,_), I II1Slglat!rtficli:,,,t,cl t_lrrn,

i-,la_lic f_;rn_ilay, tt_ nt,ar-tac, l _hi_l_,t, i._<_ttr<_divt, in ct_m- the carbides ftlrwtit;l_ a_ grairl-bt_tlndary ifir_nirlg .,.fite,_

i_,lri_t_n with ct:nvc, ntit;nal pnwe_._ilag [_t,catl_t, ii can atm a,_i_tin tlat,,_t,al',iliz<atit_t__fla t'iltt, tt,rrilt, graila '_izt,,

grt,<ill\' rt,tltltt, II_t, iit,t,cl ltlr c'c_tl,,,m<;t:lait_i;agOlltl i_,ilain_
t,l_t, ralit_l"l_-_,('t_rnrnc, l'cial ,_t,}:_lic,atit_lls i_l sti|_t,rpl,lstictty Experimental
in I!at'tals tltili/,t' wla,lt i_ tt,rrnt,cl finc,.-strucltlrl, ((_r I'ilat,-

_4raint,tl) _tit-,t,rl_l,lsticity, l'lai. _, tlt,ft_rm,atit_n nat,claanisna 5tIpt,rplastic ft_rna<_bilitv in these all_;\,s is being tlemt_n-

tdtl_e_ lhr, ll(_w !._tl't,:,_t_ ht, laiglaly ._t,n_itivt, it; the raft, t_l .,-;Ir,ltt,cl ,ai bt;th the lal,_;ratt_rv and c'(_rnmt,rci,al levt,I, 2

tlt,l(_rrrl,ilit;ll ,llat.I i.,-,lhc' har, i'-, l()r ,_clait,\'inv hivia tt,n_iN, l._bt,r<_tt;|'vt,xpurit_atrlat_t,_i,abli_lathf wilatl(_w (_l ,qtli3t'l'-

t'lt_ny,_tit_n_, l'ht' mt,ch<lni._m tri ._lll,t,rl-,la._tic t_lt,lt_l'laa,atit_la plastic hela<lvi(_r tn;m laatr<l_urt, nat, rlts _t' thf lt,la_ilc,

irl iint,-._,tr_lcltlrt, ._tll_t,r[_l<l_licit\, i.', _4ent'r,llly tlndt, l'_t(_t_tl rt,_l_t_la.,_t,_t' II'le naatt,rial t_vt,r ,I witlt, l'an,e,e (_1_tr,_ila

hi,tiilcliirv I_ I_r(;cli.ict , n'i,lcrl_ct;t_ic tlt'l:llrrrl,ltit_i'l, 'l'hc, _llt;w_ ,l _l.ipt,rpl<_tit',lllv f(_rrrit,cl tlt,ilatlll_ti'<lti_;il t:_,lrt

).l,<lil_ !_i;,:t,rt,Cltlirt,ct Itli' fillt,-_irti_'lilrt, _l.ll-_t,rl:_h_.<,licilyi._ Irlln_ (_tll' iali_clilit,tl t_Jll(_',q rl-hllt,ri<ll, "l'hi._ i_,il'l _,'<1._

!..,,t,ilt,r<lllv Iii !iili i_i' It,_<,, 5tit_t,i'l:_l,l_licilv i_ <lchit,vt,d fl_rr'rlt,cl hv clt_._t,ct-clic, ft_r!.;li_). <li 7_(i<'t. ' <lt a ,_ll',lil_ i'<llt,
_x,'llt'iltl_.'<_t'Iliy, t_l)' rt,lil_t,cl iilitr_lsIl'tit'ltlrt,_ <irt, tli,l(ll'llll,tl (ii (),1 <'i/_ fl'llrrl <irl i_rigila,lll\' rtltillcl t'vliilclt'r 7(_ illiri in

willlii_ <l,,l_t,_'ilit ' wii_tll_w t_l lt,rill;_t,l',litll't, ,illl_l <,ii'diii r,lll,, cliilnlt,h,r <llltl .:l(I n1111llllli 4,

*l'll_, t,ttlillllllitf4 (ii _lil,t,i.l-,I,l<,lic Itlllllill)- <1_,i _tll_._li- Mtltliliciilil;ii._ iii ct_irll_t_._ili_li-i ll_ ,l b,l._t, <lllilv iii

t illt, Itri' t't_il\'trnlit_i_,ll fi_rillirly,, iil<icl_illiil!4, nil<l i_inil_<l. I"t,--I ,_( 'r.-II,P4D,,III-1,2q(..'wt,rr, t'villtiillt,tl ii_ii_). _(lll--ll_

_;t,_,r,llit>il_ ,irt, tlitl<llt,tl I>\, lilt, ill,lxii/lillll <lcl_it,v,ihl_, (22_,.-I,.g) t,\t_t,i'irl_t,ilhll int,_;t cil_iii_g._, l'l_t, cil_lin),.,-; wt,i'_,

,.,ill,t,rt,l<l_,lic !_tr,liil i_i' ll_l'lllillg r, llt', I';\i.<,tii_!.,,<lil,llvlic,il llt;l.-r(_llt,tl fr(llll <l ._tl,ll,.ii_!, ll,nll_t,r,llilrt, _1 12li1' (. ', ht;t..

t,'.,l:>rt,bi<,i(>il,,illr [illl,-.'-,ti'ilt'lilrt, t-,llt,t,rt_l,l!.,lil'il\' i_i'c,tlic'l sllt,iirl,cl, ,lllcl <lir.-c/;l_lt,t.I, \'Viirnl.-l_l'(it't,_<4ill)4 sltitltt,.<, by

lh,li lll,i\illltllll ,-,til,t,rl,lil_,lic <_li',iiil i'<ilt,<-,illtrt,li;._t, ,ly, II_l, rl_llin).; Wt,l't, i_t,rft_ril_etl tl.,-,irlt, 2(I-.rrll]/..Ihitl,, t'tllil_tlllS,

tlil,t, i_l tl_' i'l'til*,l't_t,il !_',l',iill ,,i/t,, ,llltl ,ll.,_ iilt'rt,,isl, witll "l'llt, i'l_lls wt,i-t, i_rl,l-lt,,llc,l.I I_ ;_,(111"(.'Iv\/,irlli Iii 'l.,,il/t. _\',l._i

It,rill>t,r, iltli't, I_t,t<lll<ll, t_l );i'l,,itt,r ,lltlnlit tlilfli_iivilit,_,, I_t,l'lllrlill,tl _i_ _,,ln_l_h,s iii; I_ 7q lilnl Ihicl,. il.<4ill,t• <l ?,llll-

I*tiiilliilt., _ r<ll_TM, ,irt, ilrll,r(_vt,iI I,t_lll I_\,' ,_clitl._liil )- ,llltw li;ii i_i'l,.<,_,_vill_ t_l,llt,il!_ I,rt,llt,,itt,tl It; thr' it_r!,,ili)., lt'il_t,i'r.

<t_ilil_l_,ilit_il ,llltl I_v tll'\'¢'lt;l:>ii/!.' , lllt'l'lllllllli't'ihlllit ,ii l_i'l; ,iltlrt', I'lt',ll ll't',lllllt'l/I._ Wt,l't, l>t,l'ltll'lllt,tl iii ,iii' Itil'lhlt't,-,,
t t,<,<_iil_:,, I_l t_rl_<ltit't ' Iilit,-./.,,r,iilit,tl I/i,lll'ri<il_ lh<li <irt, i'(,_ii<.,-

l,illl tt_ tl_,il'<_t,llillt ,, <ii ai_.',ll tl;i'i_lil_)!, It,lilt_t,r, ililrt,_-,,
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Results LJi-ICS,allt)ys. Tlac,se ca rbidc, nt:twt)rl<s arc,tj ndt,sirable
because their presence in the final i._r()duct dt,crc,asc,sthe

The following arc,our three principal achic,vernents total a.mt_tlnl of carbide availabk, as grain-b(_undary-
in fine-.structure development for improved supc,rplas- pinning sites al_d contributes tr) t._t)()rmec'hanical l:,r()per-
tic formability in LIIICS alloys: . ties at ambient tempera turt,s bv'crea ting brittle crack
,, l_rex,'bntion of carbide-netwcwk formati¢m at grain paths. Iqqur_:2(a) shows an example _ffnc,tw_wk c,arbidc,s

boundaries during cooling through the two-pha,_e in as-cooled hypereutectoid pearlite.
atlstelaite-tqtls-carbide rangt.,., In thc, past, thesc,grain-b()undary carbide networks

• Efficient ti'ansformation of plate-likc, carbides into we,re avoided through incorporati()n of special process-
fine spherical carbides, ing procedures, such as semicolltinu,)US la(_tand warm

• l)roduction of high-angle-boundary ferrite grains working, while cooling thr<_ugh lhc, tempc,raturc, range
witli grains near 1 t.tm in diameter. ' . in which nt:twocks can dcwelop.. These procedt,rc, s arc,
A minimum of two processing stages,were used to both costly and difficult to al>ply in thick sc,cti_ns, how-

develop the required microstructure in the LJI-_CSalloys, ever. Our studies laave slaown, that the extent of I_,rain-
The first creates a homogeneotls pearlitic state, boundary carbide networks in the, air-cooled pearlitic
C_.-Ultinuous networks of carbides tend to form during thc, microstructures can be contmllc, d tlarough conapi)sition-
cooling of high-carb('n (hyperetltectoid) steels such as the .al rnodificati_wls. Figure 2(b) shows typical m, tw_)rk-

free pearlitic rnicrostructures in modified UI ICSall!)ys.
Figure 1. This rotor hub was superplastically formed Conversion of the network=-free pearlitic ste_q

from a UHCS alloy at 750"C al a strain rate microstructurt: into a superplaslic 'mit'rr)structure is
of 0.1 ',:;Is. The originally round billet was 76 mm in diameter,and a¢conal:_lislac'd bv the conaplc, tid r_ ()t: two evelats:
40 mm tall. The fine die-flashing on the upper rim of the part is
indicative of good die-filling properties, splaercfidization of the plate-likc' carbides, and refine-

ment of tlae iron matrix (ferrite), '['lav driving force for

. spheroidizatiot3 ()f the lamellar carbides is the reduction
in carbide-ferrite surface area and associated surface

energy, The proc,ss of spheroidization is time-dependent,
being controlled by the diffusion of attcnas.

". \,.V(,have rc,fined a process in which rh(, carbide dis-
solves and reprecipitates under co nditit)ns favorable to
sphert)idization of UI!CS alloys. We call this process a
divorced-eutectoid transfornaation (DF'T). I'mcessing
consists first of raising the tenaperature of the, material
just above the pearlitc,-stability range, wlac,re most of
the carbides rapidly dissolve in iron. The renaaining
undissolved carbides are finely dispersed tat this stage
in spher()idized form instead of cx_,,.'st_ng', as network car-
bides. The undissolved carbides, ,as well ;as l'egions

Figure 2. (a) Significant networks of grain carbides form along the grain boundaries during cooling in the base 1.JHCS.

(b) Compositional modifications prevent carbide-network formation and produce a fine and uniform pearlite

structure {alternating layers of carbide and iron matri× phase), lc) Special processing techniques convert the pearlitic structure into a

superplastic structure consisting of fine ferrite grains with fine spherical carbides at the grain boundaries.

(a) (b) (c)

LI L_J ' t_._J
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Y,_'c'li(u#,3 • A/h'htlhlr,,_i_'lll S('i_'Jt_'_' lzltll 'li'Htl#_hb_l/

wile're partiti0nin _ (_t:¢01'[_t)ll ,anti/til' t_thc,r alloying elc,- t()r ferritu-graitx rc,i:int.,lllCqlt. 'l'his t._roct.,ss has successful:

lllc'n{s laa._oCt?l.lrr(,ci, c'_ll Hl_,l'\,'t,0s sllt,s for hticleatitua ly prt)c!ticect superl_lastic naicrt)slrtlctures <ll_c].impr(wc,d

anti <qrowth tri carbide,_. 'Fhe lat'ge lltllll'['lt'r tit' iiliril,qrilll- superplastic fornaal_ililv in Ihick ._c,c'titli_<_.
tlldr iltlc'll,iatioll Hi{l.,s {or the otltoc'toid c'arbides GILISc!__1

ftno, tlllil:orlal corbid e dispersic)n. I)ET pl'OCc,ssin_ for Concl tlsions

carbide sphercfidizati(lia signit:icantly i'L,t_tltTC!.qprocess- ,

ila_ tilllC'.% anct nltfc'h tincq' carbide t'liHtl'ibtltiOll,q are tVVuhilvu ilT1prlivc,c[ lhc' ._Ul:_c,rplas{ic l_r(_pc!rlic,_ til: UI tCS

,lclaic,\.'ed than l_y pearlitIe-ct)arsoiain<q lrc, ahllenl._., thrtil_l_h rilicrt)strticttiral rc'fillelalc_nt. {,oiaapt)_iiiolaal

"'lt_obtain a ._ucce,_sful 13ET micrt),_tructure cii fully modificatitms to UI ICS all<>y.._,_l<_wtilt, carbide precipi-

splac,rt)idizc,d carbides, the sluggishness tlp the tl'an,<;tor - tatiun kinetic.<_ enough to I__rc'vent doh.,tl.,riotiH carbide-

rniaticm kinc, tic._ in the iaI_tidit:ied UHCS alluy,_ recluired rietwork t:ornl<ltitm at grain b(iundaric,._.' An i._()iherillal

.'_pecial c-tillSicil_,ratitill. While air-coolecl <_;{Ttlt:ttlrc,_orc, DITV _3rtict,.qHct)latr(ll,_ car{)idc, naclrpht)hlgy, efficiently .

filllv spheroidi/,ed in the ba,_ic.Ul--ICS alloy, de,_irable [ransftirmillg pla!.e-likt, carbides into fine, st._herical car-

compt_sifitlnal niodit:icaiit)ns dramatically reduce the bides in thick st,cii(ins. The I._rodt!c{ion tit a higla-angle-
tYaciion oi: sl_hertddi/,ed carbides. Istltl_ermal- botlndaryIfl.!rritc) graill size lau0r 1 _{lll in diameter was

tralasttirnaati()la studies have characteri/,md the achievect ihr(iil.igla Si_lb_eCltiela{ wai'm-dcf(irnlati()il pr(i-

ira nsf()l'llla{iOll kinetics til: thesealloys, and for c,aCll cc,ssi n<u,at controlled {enlporaitl ros.

alloy \'ariation tit: UItCS, lt lans been possible t_.) Continued c,t:t:(H'tslo improve superplas[ic, l:twmabili-

define a critical c()oling rate below which c(unplete ty will {t)Ctl,_ (in all()y cilmpositional nlt)t.iit:it:atit)lls tIla_ll

splaeroidizatioia results. "I"laese cDoling rate._ are basect increase the laigll-tt:laaperaturo stability of tlae fine

tin thr, tralasforrnatiola rdtos and l;hc, ilaorpllolt_.g!cal ilaicrt)_irtlcttlrc'<_.

Seiasiii\'ity t(1 tr_lnst:orlllaiiola telllperi;ltl_lro

The rate, til: splal_,r(iidizati(ua Ciala, bl:}ill('roafic'ci bV [hu "l'llis i'l,<,rk <l,as stqJ/,iu'h'd li.II W('ti/Jl)llS <qll/_F()l'till,?, l,_f.'.<_l'tll'('/I;

intr(_ducti(ua ()t: concurrent def(lrrnatitila. This process l,.ll th(' l)( )ti' Office' _./ C(uts('r_,_Hi(u# a_td Rc#t('_i,al_h' 1:7_t('rTii;

has bee, la terlaaed I)ETWAI) (ctiv(wced-eutectoid trans- aim I_.l/thr DC)I'..<-7t('HIHitiativ(' l)ro,k,ram with ('o#ttril,Hlilms

f(,'naal.icm' with associated def()rrnati()n). In addition t() from thr('r i#Mttstrial IJart_lrrs: Cat('rlUIlar, hto., Lmtish

tlssi.dillg the pl'()cess til: spher0idization, tl_e ("t)lacurruf'l{ C(uHIJa/t,ll, htr'., mM Nii,rib SIIITF.l'_t{'('l C()]HtJ(_HJ/,

ctel:iirlaaatit)la et:f,:ctively pl'()cttlCCS t:ine ferrite grl.aill sizes ....

ii{ il[_()tlt ;1ILIlal (llal_,ala intorcept length lalutht)d), _IS *Mechanical I_l_giiaet,ring I)t,parimeni.

slat)\,vn iia Fig. 2(c). f<qtanford LJnivcr_itv,, <.qhallt(ird,.Calif.

Inve,,-;tigati()la (){ the rulative inap(irtaiace (ii: dt.'ft)l'llla- References
tiola N)tla above arid below tlae dissolution temperature

ll<i5 lecl t()aia inllgrovl.,d tilldC, rstIdnclilag (){ ther I)ETWAI)
I. (.). 1). Sllc,rby, '1".(.)Vallla, I). W. Ktllll, I._.Walsc'r, arid

pr(ire_s. Tlae de,gruu _)t:warm working requirud t:(ir sl_lc- .I. Wadsworth, "Uftralaigh Carb()n Stuuls," I. Mrhd_ 37(_:,),
cu._sl'ul con\,ersi()n processing has been reduced tlar(lugla 5()-5(_ (leiSS).

the use til. ctiscrc, tt' \,'s senaicolatilauous det:ornlati()n. 2. 5h'H htitiali_,r Ail_t#m,,Ir#HrnlI)hnt, ()ft:ice (if Incll_lstria]

Tlaese de\,'t_'l()pnaents ha\'e resultecl in ill'l optin'li:Ked pr(i- ])r()grillll,q, OI:fii'c, t)f (_:()ll,'-;urvilti()ll 01ld I¢,ent,wablt'

cos._ing .qut]t.lUllCt' collsisting (lt: ala isot;]lornaal DET step l:int>rgy, U._. l)epartnlt, llt of Ent,rgy, W<lshil_gtoiLl).('.

to ]gr()c]tlCU 71i:ilae distribution (if spherical car[-_ides, f(ll- (April ]# t (-)_7).

i()'_,\'t_'t.-1 D\: Wtll'lll working at tc,naperatures lal(/,qt suitable

f_3



Wt' a_alyzed high-purit!! iron-nickel-chromium alloys that
were rapidly resolidified !_y electron-beam (EB) surface glaz-
ing. Twelve microstructural morphologies were identified i,

the resolidified melts and were shown h_ dew'lop from the two
primary phases, austenite and ferrite. Microstructuralevolu-
tion wasstudied by determining the effect of cooling rate o,
the primary solidification mode (PSM), solute redistrib_tion
during solidification, andsolid-state transformation of ferrite
during cooling. The results enable us to predict the primary
mode of solidification, the residual ferrite content, and the
complex microstructural mo_td_ologies that form in resolidi-
fled stainless steel alloys.



Srcti_,t ,3 • M('talhtr@_al Scirltcr aJat 'li'c/tlt(d(_Ny

line ()f two-fold saturation. In addition tta these Primary Solidification Mode, Stainless steel alloys

microstructures, many other naicrostrtlctures can devel- solidify in one of five p!'imary solidification modes:
ep as a result of the.influence of cooling rate on solidifi- single-phase austenite tA), primary austenite wilh.
cation and the solid-state transt:ormatic, n o1:ferrite second-phase ferrite (Al:), eutectic t:errite-plus-austenite
during cooling. Our objective was to develop a means (E), primary i:errite with second-phase austenite (IRA),

of identifying and explaining each of the microstruc- altd single-phase ferrite (I:). Detailed descriptions ()t
. rural morphol(_gies that develops during tile solidifica- . these I'SMs are discussed in Ref. 4.

tion of stainless steel al,hlys, Figure 3 sclnlrnarizes the influence of cooling rate on
the PSM. Two important effects are soell. First, at low

Approach sca n speeds (<10() mm/s), foe r modes of solidification
are present, whereas at high scan speeds (>500 mm/s),

Experin'mnts were performed on a series of high-purity _mly the single-phase solidification modes are present.
iron-rlickel-cl_romiurn alloys that spanrwd the line of Second, alloys that arc, close to the line of two-fold sat-
two-fold Sattlration along the 50-wt% iron isopleth of clration can change their solidification nlode fronl pli-
the ternary alloy system. The chromium/nickel ratios mary ferrite to primary austenite as the Scala speed is
()t"these alloys ranged fronl l,l to 2,2. These ratios were increased.

selected such that Alloys 1-3 solidify through the liquid- Microstructural analysis of the resolidified alloys
plus-austenite two-phase field and Alloys 4-7 solidify sh()ws that the initial growth .ot:ali phases occurs from

thr0tlgh the liquid-plus-ferrite two,pliase fieid tinder the rnelt periphery by an epitaxial mechanisrn. '1 Al lm,v
epitaxialequilibrium conditions, Each of these alloys was solidi- coolilig rates, growth results in the nlore ther-

fled using a high-speed EB surface-glazing technique at modynarnically stable solidification mode becoming the

scan speeds tlp to 5 rn/s. The microstructures that PSM, l-h)wever, at high cooling rates, changes in the
were formed under these conditions were analyzed low-cooling-rate I'SM can occur because of the more

using optical metallc_graphyl electron microprobe anal- favorable growth conditions for metastable austenite at
),sis, scalming electr(m microscopy, and a vibrating the melt periphery. These effects were mostnotable in
sample magnetometer. The high-speed EB surface- Alloy 4, which lies chase to the line of two-f01d saturn-
glazed microstructures were shown to have dendrite li(ro, solidifying in the IVAmode at low cooling rates and

arm spacings that ranged from 42 to 4.3 _.lrn,which cor- in the AF mode at high cooling rates,
respond to cooling rates ranging from 7 x 1()IIto 7.5 x
1()_ K/s, respectively. Reference 1 contains a complete Microstructural Morphology. Twelve microstructural
description of the experimental procedures, alloy com- morphologies were observed during the resolidification
positions, anct cooling-rate calculations, of the high-purity it on-nickel-chromium alloys, 'l T!lese

microstructural features are summarized in "l_lble 1

Results and Discussion along with the solidification and solid-state transforma-
tkm events responsible for their development. In this

Residual Ferrite Content. The residual ferrite content table, t_ A, and L refer to the ferrite, austenite, and liq--
c)feach (fr'the rapidly '_olidified. alloys was measured uid phases, respectively, and the subscripts I:'and E
using a technique that was developed as part of this refer to the primary and secondary phases, respectively.
investigation. 2 These results are summarized in Fig. 2,
which sla(wvs three d ifferent trends in the residual fer.- Figure 2. Residual ferrite content of the seven alh, ys

rite content with scan speed: (l) The residual ferrite plotted as a function of EBscan speed,

c(mtunt ()t:Alloys 1,2, and 3, which have a low cl_romi-

tlm/nickel ratio, decreases with increasing cooling rate, Iil{I _ ,,s,.,-.-_.-c
and these alloys eventually become fully austenitic.

/

(2) The residual ferrite c(mtent of Alh)ys 4and 5, which _. x_)
are close to the line of tw()-',)ld saturation, passes v.
tlirough a relative n_aximum at intermediate cooling E (,la --,,_O

rates. (3) "l"he residual ferrite content c_fAlloys 6 and 7, _= 4() --//(, _._e_._.._(, ..

which have a high cllromium/nickel ratio, increases

with increasing c()(_ling rate, and these alloys eventual- _ 2o '-" 4 _ Nx, - ...oly beet)me fully ferritic, _.°--7"__ ,.2 1"_

These different behaviors. (,f the resMual ferrite content (, -...o__-'g-_=,__ .._'_"1_0 o---
with EB scan speed can be explained by the influence that 1 10 10:" I{)_ I{)_
the cot}ling rate has on the PSM, solute redistribution sc,_nspr'cd (mm/si
during solidification, and solid-state transformatkm of
lerrite during cooling.

' If;



ScclMI 3 • M_!talhirgicid _h'i_'llce,l_ll 'li'cltltc_l_.l/ , ,

'l-'husuui:tucLsare gr.lphically summarized in Iqg. 3. of soC()llddl'V pIl[Ibt's, leading t_ singlu-phasu s_lidilica-
where c,ac'll rnicrt)structure is a,,-;sociatc,d with a range t_l tkm. I:tartl'lc,rrn(_rc,, ,'-;c_luturudi.,.-;tributi_,l dr,ring ,,..;c_lidifi-
scan ,,-.;pc,t,ds and alh.)y c(unpt_siti_,ms, calit',n is influenced by lhc, c(,:_ling rate; the, amount uf

su,c(_rMarv phase, that s(flidifies from tlw melt cleo'rc,ases

Surnlnary with incruasing c¢_oling ratu. I:inally, the, c¢_oling rate
furtlwr nl¢_difius lhc, micr¢_,gtructtlre thr(_ugh it,'..;influ-

"l'hc,uvoluticu_ (_frnicrt_structtlrc, s during tlw rapid unto, _n thu nucleation-and-growtl_ characteristics (_f
resc, lidificatitm (_t .<-;tainlessstuc,l all,uvs can be duscribud atnstunitc, dttrir G lhc, ,,-;cflid-state transf(_rmati_.m (_t:ferrite.
I.",%,the infltterwc, that c(_oling rate has (m tlu., I"SM, .,-;_dtnte

red isr ribu ti_m d uring st_lM ifica tion, anel sulM-sLatu '/'his I.'_q_'ct_l,aslttmh'd lu'i_Mpally IU Weal_u_.g,.glll_l_u'lill<
transf_rmati(_r_ of furritu during co_fling, "lTu.,rc,suits Of I<_'s_'.rch,S_um'(l,_u'kwas Iwr.liu'me_l.t lhc Ad.ss._'h_setl.<
this stlidy show that tlw I"SM can be alturc,d at high hislilolt_"¢!/'li'chii_,h,,k,yHl.lcr I_arti.I l'i_ii_tiil,k'IU Ila' ( )It'i_'_'_q'

cx}oling ratus by (I) thu p!'eferred growth ot' metastablu Na_,.I I<('i;('_ll'('h Illldl'l" _'o_ltract N(_OO14.-8(M2.-O,18.l,
austenite tr_.n the mult periphery, or (2) the elirninati,._
................................................................................................................................ • MassaOht.lst,ils nstitute ot"lbchnol_Gy, (.'ambridge, Mass,

Figure 3. Scan-speed/con'_position map of the
microslructural morphologies thai result References

from the combined effects of solidification and solid-state transfof

matlon, The solid lines indicate the four PSM regi(ms, while the I, I, W, I!llllt, r, .qf,I), tilt'sis, [)t'|_dl'tlllt'lll (lr IVlaturials .%.'it,lit't,

dashed lines represent the different morphologies thai result fronl filial l_ngineering, _Vldssdchllbt'Lts Institute lH 'l'echrl(d_)gy,

the solid-state transformation of ferrite, ('a Inbrid gu, Mass, (Septumber I t)8,'4),

Ill t 2. J, VV, l!lllltq' alld "l'. W, I_agar, Meil.'tlring lhc, I,'t,l'l'ilt,
F- C_ntent _HRapidly S_didiiiucl Nainless Steul Alk_ys,"

1,
Wchling/, (in pw;s),

3. J, W, I!lmer, S, M,/\lien, and "I',,W, I.';agar, '"l'he Irtfluence

tri Couling Rate <,n the I;urritu (.'(._tent _t' Stainlvss Steelm < <i.
_. _ _. Alhws," 2n,I htl. (.',,,f, 'l)','mlsin Wd,lin,_I<rsem'ch,

111____ ._ '_, _ ( ;all]nlu_lX,, 'li'H.,,/VI.II, 19h'_.L
= _ 4, J, W, I!lmer, S, M, Alien, and "l', VV, I,;agar,

_, G, "Micr(_structural [)e\,el¢,pment During S_,]idificati(m of
Stainless Steul/\ll(ws," Mcl.ll, "l)'mts, ,'X 20A, 2117--2131

( I_H_)),

1()_ Table 1.' 1)eveh,pment of the twelve microstruclural

morphoh,gies,
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11'ae I) epen de1"_t t: ree Convcct1on in 1_,qu d NIetaIs

A numerical analysis is given for the time-dependent free convec-
tion of highly conductive liquids in a rectangular cavity. The
results of this analysis are relevant to the electron-beam vapor-
ization of metals. The spatial problem is solved with the
Galerkin finite-element method, and the time integration is per-
formed with a backward Euler method incorporating step,size
control. Streamwise dispersion is introduced for cases involving
large convection and numerical instabilities. Results are given
for flows in the transition region between laminar and turbulent.
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al_d puri_clic fiLm,s. '1-3 I lert.s we present rtl,st.llts l_u' high- Ntllnerical Method
er ci|'culati(wl rates in the transition regit)n.

I I At the la?gr, circtllatitm ratt,s t_t: tntr,rr,st, high ._patlal

Theory and lt,nlpt)ral rt, st_ltltion ts rt,tltlirt,t.t ttw ,.icctlratt, st_lt.i-
tkms. Unft_rttlnatt, lv, this rt,s_4tLtit,a gunerall_, rt,qtlirt,s

q'he cliffu|'ential ctmservatkm cquatitms for mass, uxtt,ssive amt_unts of ct_mptlting tiroL, while lessur res-.
nlorne.ntu|n, and ent.,rgy 4 are solved to obtain veltwity olutiota leads tt_st4t.ltitms with sptlri¢_us _scillations. In
presstm.', and temperature profiles. In these exprussitms, the latter case, these oscillations can pro'pagatt, and
ali physical properties are assurned to be ctmstant except twerwhelrn ta solution. In addititm, a grt_,at deal t_f co111-

for the density, which decreases linearly with tempera- putation time rnay bcr |'etluired to tr,ick these {)scillatit)ns.
ttlre. Writing the equations tri:change in terms ot:scaled "l"c_treat this problem, we use an apF, rt_ach basud in part
variables, wt_,obtain the Grashof and Prandtl nunabers ,as o1_the "splitting-up" qhylt,'-Galurkirl rnetht}d developed
dimensionless groups that claarai:.terize tile flow: bv 19onea ct al. 5 In our approacla, dispersitm is apF_lied

in the local direction of flow, wheru it is neuded most.

[SA.llk,t.14 Spurious oscillations can bu reduced while smtx}thing
Gr = , l'r--= v . (1) st4utions to a minimum extent, l:t," liquid murals, thr,

/.\'2 (J convection c_t:mcmat,ntum is mucla larger than the c_m-
ruction t)t:energy, and we irltrt)duce dispt,rskm in the

l-lcre I1 and l, are the height and length o1:the cavity, A'l" rntmaentum equatitm altme. Tlu., rusults givt,n belt)w art,
is the ternperaturt, differer_ce c_\,er the length tri:the cart- characterized in terms of the (.;raslltfl: rltlmbt:r that ix
ty, and 1},v, and (./.are tl'te volumetric expansi(m coeffi- det:inud abm, e and tasmalh.,r streamwise (;rashof nuna-
cient, kirwmatic visctMty, and thermal difl:usivity beb Grsw, which accounts for the additional rntmaentLlna
respectively. The Grasht)f number is a cllaracteristic ratio dispersion (viscosity) in the flt)w direction.
t)f but)yancy Pc)rees that drive the flow to viscous forces; The Galerkin finite rr'tethod is used to solve the

the latter resi.,;t flow. The F'randtl number is a represen- equations of change with thu streamwisu dispersi{m
talive rati_ of m(mwntuna diffusion to thermal diffusion, terms, r_ Within tagiven elemunt, nine-node biquadratic

I;'_,r liquid metals, ,,,aluus of Pr are low; we t|st., lh" = (L015. functions are LiSt?tj [O represent the velocity and tem-
The pr(}blem statement is complete with thu specifi- pe?ntu?e, while four-node bilinear l:uncti(_ns are used

cation of boundary ctmdititms (set;, Fig. 2). The vertical to represent the pressure. A fully implicit backward
boundarius are maintained at different tvmperatures, Fuler method with ntltomatic step-size control is used
while linearly interpolated tempvratures are used on to pe?fr,win the time integration. 7 The algebraic equa-
the horiz(mtal boundaries. The liquid sticks to all of the tit)ns are solved' using the Newt(m-I,_aphson meth()d in
buundaries except the top one, which is taken to have which the final matrix problem is handled using a
perfect slip. , Frontal solver.

Figure 3.
, Strt,aln ttlnction "l'0nl }-_t,l'aItl rr,

I I f%- _" (._ '... ( /:t ( '--. ',, -1

Streamlines and ---...._ [ ............

at four times, wilh
Gr = I .<10 6 and the

Contours for the

stream function are [
plotted in !2 equal

increments thai span 5 . -

the range of values,

merits, 1'= 0 at " ,
:r = li to T= 4 at :r = 4 (,
(see Fig, 2),,

_ ,
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Tw(_ graded meshus of dtt:fering rc,finenu.,nt are used 2, K, II, Winters,/'roe, 5lh I.I, Ccu/l, _mN.merh'./Melh_,dshl 'l'hrrmal I'r_,l_h'ms,M_jlltre.I, II/ro' I!hW, 14,W, Lewis,

in this investigation, The 12 x 32 mesh slatm, n in lqg, 2 K, Mt.'gan, and W, CI'. I labashl, l_cls, (l'Im, ridgv l'ress,
has 525u unlgmm, ns, while a finer 18 xVl8 mesh has Swansea, 1cJ87), pp, 20tj-.-31U,
11,631 unkru_Wns, (.')ta a VAX 8650, approxirnately 70 3, B, 14tnlx (I;:d,b I'r_,c, Cim[, Nttmeric.I Sinltthtlimlo[ '

anct_2()() la (_f CI'U time are requh'ecl to pert:orm typical . ()scilhth.'y C_.r.;,ct'/ion i. I,ow I'r I:htids, lvhtr..;eilh,,I-'rum'r,
• ( )ch_brr 12.-1,'1,1988 (VIt,weg, I t_ft)),

calculatior_s for the C{_at'se!and fine meshes, resF,ectively, ,1, 14,B, BIrd, W, 1,',,Stewart, and Ii4,N, I,lghlf<.._t, 'lhtllsp(.'t
I'hcm.m,mt (WIley,, 1%()), P, 32(I,

Results 5, .I, I.)(mea, S, (;iul[anl, I l, l,aval, and 1,, (.)uilrtapelle, C_,np,
Methods AplJl. Moth, I;ll£,r, 4B, 123--145 (I qJ84),

I;igtlre 3 slac)ws strean-Ilinc!s and tornperatt(ru col-ltotlvs 6, B, A, F'irtlavstm ancl M, A, Mc(,hqland, Nltllll'ric.I A/Mh_Jd:;
for a Grashof number of 1 x 1()(', wlaich corresponds to a iu t.h'.l 'lbl)ts/fr, III, R. W, Lewis and K, [Vh)rg,,n, Eds,

(Wile,),, Chlchester, Englatld, 1c._85),l:'P, 269-287,
moderately difficult case ila the transition-flmv region. 7, S, l., J(_sse and B, A,, F:lnlayson, ], Noll-Newt, I"htid Mrch,
Althcmgh the flow primarily circulates in the count, or - 16, 13-36 (1984).'
clockwise direction, there is considerable variation in

time as vortices form, move, and disappear, The Figure 4. Dimensionless center-point temperature

smooth contours suggqst that adeqtlate resolution is for Gr = 1x 10_'and two meshes, Grsw

achieved with the fine mesh, Figure 4 shows the center- decreases as addithmal viscosity Is introduced tn the local'flow dlrecthm,
point temperature plotted vs time, In the absence of

streamwise dispersion (Grsw = 1 x 10¢'), use of the coarse 2,5

mesh yMds spurious oscillations, The introduction of a - -- 18 x.,la, (',r,w= I x I(1"

large arnount of dispersion (Grsw _ 2,5 x 105) eliminates - , ....... 12 x 32; (',r_w= 1 x I(It' ,._..,_
these oscillations but is detrimental to the solution ta'or - : "'" ' '-_

.... 12 x 32, c,r_w= 5,63 x 1() ' ,,,,"' ,__

an intermediate case, with Grsw = 5,613 x 105, the oscilla- _w!2,(i - --" "" 12 x 32, (_',,'_w= 2,5 ,x1()!_,,'' / \,N_ k
tions are reduced witlaout compromising the solution, , _- :.' \

t_f streamwise dispersion will be essential for obtaining, ,._" ,., _ ,: "

good s(_lutions, _,
% 1,5

This work a,as sttpported by tlu' Isotope St't.Tratiou al.t _ /

f "Materials Processi_tg lh'ogram, "_ _'_ _" _ _ ._..I j
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'l'he sutlahillty _1:a material lk_r,1specific application Wv have devised experimenhll mellx_cls for the direct
ofh..n depends as much tlpon t1.,4stlrfacc, as tt does upon nlc,astlremc, nt t)l' the bond ,,-,trc,n_th betWec,n layers uf
its bttlk prupertic, s, In fact, in rnany tnstancc,s 1[ts lhc, melal and ce,ramie matc,rtals, The frc,e-surfac'e vel_wtlv
t:urrner thai is the major consMc.'aticm, The C&IVIS Produced by shock-tnclucc, d sPalling is rnc,ast.lred by
IX,Partment c'(mducts research on a wide variety of laser interfur(mwtry, An lmportarlt initial c(mclusion is
pherlornena and fabrication prcwc,sses tn which surfaces thai the lntc,rfaclal bonds brc,ak slmultanc,()uslv, as the
play an irnp(.)rtant rc)le, lncludirG the joining (.11diffc,'- nleasl.lrc, d times fin' deb(.mdir G arc, too sh(')rt tC)allt_w tk_r

:eat materials by welding or dlffusi<)rl bc)llcllrlg; tlp.., crack t:)ropagatic)r_, 'lTw bonding of meta.l.s t(_ceranltcs is
resistance, of substances to dc,grad,rien by c0rrosic,1; often used in I,LNL's emerging teclantHogic, s. 'l'his lleW

the n.,acti_m,; occur:'lng at internal interfaces, sucla as tecl_nique sh()t.lld greatly assist our el:fort at irnprc)villg
grain b(mr_daries, ',a.'l_tcllcan proft,.lndly alter bulk the strength uf such joins.
mecha llical prupert !es; a lid Cll ta lysis and sin Coring. Tiu., atomtc m isrna tell a t the in tc,rfac:e (._fm u lti la yer

Because the C&MS l)epartment has t.',rogranamatic metallic systems produces strain. We havc, measured
resptmsibilities in these arc,as, it supports substantial the strains irt a b,tHcl-nlckel multilayur systena. Our the-
researcll tm the chc, naical, physical, and metallurgical uretical tr_terpretatitm relates the strain tc) the atunatc

behavi_,' t_t surfaces and interfaces. Tlwse activities arc, dtsl.)lacernents and call t,Xl:)latn butla the, stiffening and
furtlwr encouraged by li-tc,lack of ir_fc)rnaation about stfftenillg of the biaxlal elastic naodulus. Tile mt)del is
nc,w materials, wla()se response t(_even ctmventiunal also apl.")licable to strained su perlattice street u res.
usage is perf(:)rcc, unkn<)wn. An eXl:)erimental and tlaeuretical inx'e._;tigatitm is t.lr_der

'1Tw j()ining of mt)re t)r less exotic materials to one way that leads tc) tamethod t)f unit:(wmly dept)sitirtg
antHhc, r has become a standard reqtlest rnade (1t'the reflectirtg ct)atings c)n rntrr<)rs. Such coatings will protect
C&MS l)epartnlent. Silver interlayers are frequently the bean>turning mim)rs of tile Nova laser frorn the cur-
used tc) weld metals and alloys such as uraniurn, beryl- runt undesirably high levels ()f radiation damage. Using
lium, alclrninum, and stet:l. A recent investigation has napl_tl_alene as a trial s,..Ibstance, we have designed a
disclosed that plastic strain in the silver weld is the pri- plasma-initiated chertileal vapor det.)(:)sition apparatus

mary cause of failure. Additional research has demon- that will produce radially unitkn'na layers of BiO>
, strated the synergistic effect of stressing the specirnens Withstanding higher temperatures and increasingly

in a llumid atmosphere. Tests led to catastmpllic stress harsh chemical cnvlrtmments is a frequer'tt requirenaent
c(u'rt)sion cracking, althc_ug,h water vapor in the of materials in a world of advancing teclallology, COne

absence of stress produced no noticeable effect, response to these stringent specifications is tile use of
(.,rain boundaries and dislocatitms are frequently protective coatings, which allow the mechanical advan-

attractive It)cations for tile accumulatit)n of impurities tag_esof the ()tl_erwise reactive base material to [)ct
and are ()ftc.,n preferred nucleatior_ sites for unwanted retained. We llave been devel<)t:')ing curr(.)sion-resistant
phases. "lT_emeclmnical properties of a solid can be coatings for a variety of lflgh-melting rnetals and allws,
seriously degraded by such phenomena, in particular and we report our findings ot'_several types cffcnatings
tlu: latter. As a result, we are performing fundamental that protect against lfigh-ternperature uxidatitm or attack
tht.,t,'etical work t() calculate the electronic structure of by molten metals.
interfaces and c!xtended defects.'

7O



Surfaces and
interfaces

Diffusion-bonding machine
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We have studied the mechanical behavior of diffusion.welded
silver joints and identified three classes of deh.iited failure, F,or
the case of an applied stress that does not produce plastic defof
mation in the base metals, .failure appears to be controlled by
time-dependent plasticity within the silver interlayer, In the
second ease, base metals that de.form plastically accelerate fail-
,re within the interlayer, For the case of "reactive" base metals
such as uranium, failure may be flo'ther accelerated by stress-
corrosion cracking (SCO at the sliverbase-metal interface,
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I'lw silvur-_llv_,rlillert',wo il_._ln,<tnwn._I_,ldc'_lt_ v,lrF ,llh,r I_,lb_lhyU\l-,_._tlr_,,Hitnl_,wh,iIh,m,r Illlll_i_lllh'<,
t_u._ir,lt lh_n_(1, I(),2B,,lhd uugl) tlf LhuOXl,u<h.,dml:qtlW (,. I(l(I':; I,_1I),in, <ll,_t.,Xl,_,cl_,LII_,IIlclIIL'L'_l_'l,lv_'_lI,llltln'
lllri_.,,i_,i)41_,'_.'II_Irc,_v,',i_t,xanililL,dbyLr,lri_inl_h,n,lil_l I_),H('(.'A cit,l,illt,doXl-,l,lri,_lhwl_III_I.,-,l_lwri_rlWli_Nis
_',Irli_inF,'t,h.,c'[r_wlrrlh_'rt_<t_l_y,l'l'it,_t,ru_lill_.<.itlle,l._u_Llh,ll )41w'nirll,h,l,.-I,
lalltlr_,i_ri_.,-,lllkulvc'_mlr_llt,dlwiln,rltlc'h.,,_li_wl,F,ri_wLh,
and irlh,rllnktl_F__1_:,lviLk,.'-.rt'_lllLIn)4Ir_m Iq,r,.dicclt,f_w- Co11_211.1_iO11S

lii,Iiilili(c'ri,,t,l_)tilthf,_llvur,'Ilil_U,<l'dari,tltu__ill,lilllr{,is
al_{__lil-_l._l'l_.,_.ll,v,iriarlaly,i.__I'IIiuL_,rrilw1'alilrucli.,l_O1i-/kllh{_t1141illil41_-_truriF,tlii{_11ilsc,irlb{,l,11Irlc',1[t'tltiwi111.4
dulwot_ll<liluruandby firilIu-uh.,il,.,nt-nwtll_l,11i,llv_Is{_I dlll'tlsl_1_..wuldt,dsllvur11_It,rl,lvor.<.,,Lht,._uj{_Irils1lwlvM,
thf,lq,l.<.,iic,(r,llrlIrithi.,irlh,rlavt,r, _usC_,l._lll_It,l_clt.,l,lvt,{ll,lllilr_,,ii,trc,,soswulllwl_.,viiiu

I"_r ll_t,_amc,,IPPliud slru_!._,lhr.,rtlt-,lur_,tlrnc,sI_r ullln_,_h.,slrt,n_ll't. 'l'ht, I_lll_winF,<l_iwltl.,.,h_ll_ru_ilr_.llnl_
_lilllisi_rl-v,'t,ldc,dsllv{'rjt_irltsbutwi.,c,rlrn,ir,-l_IriF,_it_,{.,Isllwlalli.lri.,mi.,c'li,inl.,-,riisarc,l>as_.,cl_rliltlr_.li.'l,lvt,d-l'allur{,
,in, I_t_l'_urthan b_r_elsbotv,'t,uni_l,_sllcallvclc,l_u'mlng C,Xln,rlmunls,lg_rulilltl_i_,rlwulds tllilizln_, ussr,nit,lily
(<I'L,utfln_) ,-tnrwalc,clslai_l_,s._stc,uls. Wc,dc,turmlnt,d c,la.qh.'base,matc,rtills,II'lutlmc,-t_>fallurt,i_c,{_ntr_dlL'_.lI_v
F,lasti<strain vs limu tn b{_tl_tl'w sllvc,r Irllurlavt,r ,inel tlw crC,Ul:,talc,_1'sllvur 111thu illtt,rldyt,r, whl<h tsdoh,r-
Ihu slainlc,ssslc,c,Ib<lsumutal_ by cliruc,I rnc,,Isurumunls, mlnc,d by llw c,lluciivustrusswithin the,Int_,rl,lvur. Iq,r
l'hL,si_rusult.,,c_nlirm thai c'rut,t,Plaslic.ilv in Llu.,slain- eliffushm ,,vt,lclsI_utwc,unc,ssunlially PI,IsIi<I_,ls_.,mat_,ri-
It,_ssluul base,mc,lalm,ar lhr, irltt,rlayc,r, which is t'_m., als, tilt, intt,rlayc,i'crt,ul, ratu may bi.,,_c<ult,ratt,.Iby }'_ast,-
tn_llod hv llu..,ufft't'iivu (_,'_111l'vlisus)slrt,ss II1 this ru)_i{In, nlalurial err,uPrt,sllltin_ tr_m thf t,ftl,cllvu strusnin lhc,
incltl<uSc'_m'tm'_ltanlplastic ntratn within llw irlh.,rlavur, basurnaturlal, I:_wthu case,_f "rt,iwltvc," b,l.,-,_,mt,t,lls
llic,rubv,ic'c'c,lc,rnlln)._c.lulavc,dfailure,, sl.wlid_ t_l't1111t.l111,l'alltlri.,lilaVbu l'tlrll'lur,i<<ult,rah.,.lby

In ._un_rn,rv, I_wtlu.'c'asu_1'ulasllc basumak,ri,lls, HCIC_'al lhc,sil_.t,I/basu- rtulal inh.,rfiwt,.
Plasti<ilv within lhc,Intc,rlctvor_cc'LIr.htlrlclur tilt, ,wti_,n_1"
lhu c,l'fuctivc,strusst,swithin Lhc,ir_tc,rlayur; and c'ilvitiu.<., This i'l,_,rl;.,.s slll_l,_.'tu_lb.ilW_'.lr.l._;5.1q_l.'li_b_I_.'.;i'.nh,
aru ntlcluatc,d,C'avitvc{wwunlrall_:rltrwrc,asc,..,v,.,itl_i,las-
tic slrain; and Iailtlru rwe'tits by ductilu micrtw_id c{_ith,s- References
'.'l'llt'U, .h'il_r_iftc,lntIq,t_ticitr tri'Lhc,basc,rrwtal ,wccquratc,s
she,atwithin thu ir_tt:rlayc,r, and cavity nu¢luationagain I.R..'4.l,_t_sunantiM. I(. I<dssn,,r,/.I/,_, :;ri. 'lh'h,_,l.,'1
ii[."!II%,IItil'Vi.'rv111.'ill'(}llt,(}I'Ill(Irt!iiithf thruu,inlur[acu.,.4, (in l_rt,sn),

2,l.W,l!Imi_,r,Irl,I!.Kasslwr,,irldR,.'.-4,l,_t,sotl,iM'Id.I,67,
Cat,t_lr_,l;_hi<duclih.,failuru l,v micr_vt_Mcl_alc,nc:uncu Iq7s.--'lh2s(IcJH_),
tH.'CIII'H wlaun the t'tlilc:t,ritr,ltiiln is sufficiunt fret' tlltc,rlillk- 3, M, I;. K,IB.'-,II[,I', I{, S, I{tISt,ll, (;, t\, I h't_sh,tll, dllCl W, I",, I','.itl)_,

aF,o, 'l'h_,faslur _1lhu alxwu l_,_,'(_cruul_rat.usduh_.rmiru.,s I.Im:i.,,.5Iii,Rh'li'ml_l'r.l.n'/Inl:::/.,.,,,.ml l)il/.<d_mIM'h/i_,,,R
lhc,t,liltlrc, timu, /\ dt,taih.,duxl;_larlalhm_t Lllun_uchani (I)Vb-Vurhig.I._fi.,..sc,ld_wl,I,'R(;,lUHU),IT'.,17r._
cal fililtlru mu<h,_nlsrl_is givc,rl irl l_tuts,2 and ,3, I,lshi_uld 4. R,H.I,_l_Hun,5, Ih,iischt,r,anti M, I'LK,l_inl,i', /'n,_',hll.

(;0111, I,'ll_,irollllll'lll-.hldlln'd (.'rlll_,ill/7 _q /vlchll_i, Klillll'r, W/<;,
I-,c,Omlrd_asizc,dlh,li thusufilldlnl4.sarc,<-ii:G-fllcabluh_j_ints AI<,_.,I,,iwrolwc.I,ivorm_r, N,li_._,_lI.._b_,r.lh.rv,
iri which thu inh..rl<lvc.rsaro F_rUlr,arc,dby l:mW_..ssc,.<,_thor I.iv_.rm_wl.,('nlif., tj(;'RI,-u7917(lUrgi.
lh<_nI_hynic',_lv<lp_,'ul_t_niti<_n(brazinl4,c.loctrlG-,Iniint4, ._.+............................................................................................................................................

sl_licl Ildls, c,tc,), Figure 2, Ruplure time vs applied _iii'i_,s.,.ifilr
dlffushln-weldud silver Jolnls bulween

-, , ilhlraglng stt;ul and for jolnt_ bl,lWUell annoaled stiilnloss _l_l,l, iii
Envlror_mentally Induced Failure amblei_i h:mperaluru, "l'ht_ n_iu'aglng _tt,c,l only sh'aln.,i ela_lh, ally,

wher_,ls ihe _lairill.,_t _tl;f,I creeps at these stressl.,_.
Wu ,lls_ tab,'ic'atudsi]vt,r-intl.,r[ayt!r i.[ilttisi_lrl wulds ,,
butwot,n tirailJli111 ,.inel _tilinlc'ssstoul, "l'hc,sujl_intswtTru Iii

nlachint,l_l illtl_ <l bund-lc,.<4 cllllli_t.lra[illn Il>l' unvir(irlnlt!i'i- Iii;' .-

lal lc,_linguirlclc!riurl.,-iilc;._ti'u_._i(lhc,burlctiu._iinclIjct,._h.,rl- \
silo,strt,ss), IJend-iustst:_c,cirlluri..4wuru I_,ilclc,dh', I/2, ._, ,,_<_,i,__,,,,_,I/3, i_l'1/6 {_tthu tiltimato strungth ilnct l_lacc,d ill lilbtln/- D I(i"

h,rv air 14(1<_.rcqativoht;lniclit), (RI I)1_i" saLt.lratucl watur _ iii 'i .. /\,lw,_h,d 1 vi,' ,,(i4 \\

_,',/I;_i'I'lwvarit_ll.'-,I:x,ril_cl_iii tinlc!or I.liltil _}_l.,t'ill_t,ilfrac'- £, <,i,_i_lh'<,<,,,i_,_,l \\\\\ . _

lt.lh.,. ISunelqu_trt,._tllt.,4indicatu il_atair irl 1()(1%RI 1Carl.,-,-- _ Iii_
, t's c<ltii_ti'(_t:_l'lic S( (' <1t Llri-irliHlll-,,.4ilvt!r llltl.,rtiic't,.,4 wht,n _ I(l"

tile,i<,intsilrL,.qn_lultai-lc'lnislvslibjc,cit,d h_al:_plil,d_l'
rt!.'4icltial Mru.<_t_'._,. 'l'ht, l'ust.iltf.i i.lls(I _tl}4_t;sl i.1rrc'net _t Iii

irlcrc,a._irl/4tirnt,-lll-[rat'lurt,withult,crt!<isirlt-al:_l;diudtl,n- I , , , I ._ _l ll_,,I .l..i_,,,I _ ,,_1, ,,,i,J ___
_ilu Mi'l.'_, _l;ll,ci1111.'ll.'4 .'-itbic,clc,diii lh_,S/II11U i()()fY_. 14111in f,( I(l(! ;_llli ,lll(i /,(}ii HIl(i

iii1 t.irl_trl,_ucl _liltu uxhibiiud n_ h_s in _li't,riF, lll i.,Vl,ll Al,l,li_,_l <,irt,<,<,(k'l ',i).



Wt' report the first application of the receHtly tleveloped real-

space multit.Jle-scatterIHg theoty to the calcuhlHon of the local
de,sity-oj_states (DOS) at metallic gr_il_ boundaries, Our
method treats properly tile semi-infinite nature of tile material
on either side of the boundary, Wt, compare local DOSs at
selected sites fol' both unrelaxed and relaxed _ (!00) 36.9 °-
twist grain boundaries irt copper, The atomic coordinates of
the relaxed configurations were obtained with the embedded
atom method (EAM), This article briefly discusses the main
features of our method,

I llt,rodtlction In lhu casu irl' s\,stums with rut:luc't,d s\,lllmt,trv, t,,g.,

sLirfacc,s at_d gralrl bt_titlclaric, s, and in thu cast, tri alllt_i'-

In clc,[t,i'lr_ii_illg lhu i'll'cii'clinic strtlt'itll't, <inel lhu <lss_,uial- i_l_t_i.isrnalc, rhils, clt,tt,rnlillil_14 buih thu ,lttlmic and lhu
l,tl I_hysic<ll and n_t,ch,_i_ic'al i_rt_pt,rlius tlf c'tmclt'i_st'd t'lt'c'{l'tllllt' sirtlt'itlru bt,c't)lllt,s milch ni(irt., i.mflflumaiit',

Ilhlitt'r, il is c'(lllvt,niulli icl clistint4tiish Ihrt,t, typus_t' ThueXl_c,i'imt'nial cll.,tt,rrllti_aii(in t_l' stlrl'act, al(rolie strllt'-

illalt,rials ,lt't'tirclin_4 til lhc, dl'l'illlgt,lYit.,ll[ (_l lhc,it i]ltlllls In till't, tllr(}tlgh, ftlr t,x<lrrll:_lt,, I()w-C,llUr_y i.,It,c'lt'(lll

spat'l,. l'h/,st, Chi'ct, iYtx, s <irt, (I)ro<lit, rials I:_t_sst,sstllg dtM'ac'lil,_ I is _fl'lt,rl llmtiud iu SilI'faCL'S with <lI_w Millur

li',li_shllic,_<ll ii_\'</riaiwt,, (2)mait,rh_ls in whiuh li'ai_sla- ii_dt.'x, l_c,ct,ri[l% thu lc,chi_icllit, tri' scannli_g ltinnc,lii_g

lil_ilill sVinlllt,il'V is brl_ktul <ll_mg lint, t_i' ill(li't, clii't,t'tl(uls, rl_lcrlisClll9y (S"I'M)2,:_hasStlt'Ct'sst'i, lllv I:w{.Icltlct'd dirc,ct
and (3) ITi,Ilui'iilis with l_, rt,ct>141_iz,lbit,pc,riodic slructtirt,, space Irl_,lgt, s irl at(m_tc ptlsltitu_s i_il st.lrfacc,s ils wt,li as i_l

M,llt,l'i,lls t_l lhu Ill'St t)'t:x, t'dll ['it, iht_tlph[ iii' ,is bi,ing tu'g,lrlic rntdc,c'tllt,s ,lclst_i'bc,cl tlll sc'lt,uiud stli_sti'atc,s, (311

gc,iwralt,tl I_,, thr, iranshllit_n irl a spait<lllv firlilu iii'iii t:ull Ihu t_ll'lt,r l'lal_d, lltlllt, til thust,technltltlC,s can ht, tlSt,d i(_

ihr{_ligh l:,,isis _,'t,c'll_i'.<i,light,u,<t l_rt,scril_ud sc,t (_taxt,s; this tmagt, <lttm_ic' pllstiitms al il_lt,ri_al illit'i°facus. In this
,l_',i'l_tit_iiwltMus ftilly tx'i'i_cliu, bulk t,lc,rnt,i_hll sl_licls ailcl cast.,, I._artial irit'_li'lllalitlr_ m<lv be,_bh_int,d uxpc, rimt, l_lallv

lw_-diinui_sil_nal pt,ril_tlic films l_f Iiniic, lhickiwss. 'l'hu thi'l_ugh t,lt,c'lrlm micr_sctG:_y, btit t_i_t, racist tistiallv rc,l\,

st,t,{_ilcl class ctmt,liils inalt, rials characlt, rized b\, tlw prr,s- _i_ ClmlpUtc, r siintllallt_il sitldius sucll <is tht_st, atftwdt,d

t,llCt, i_l l't,gillllS lhr_}ilgh which lralMaiit}rlal s\,111Mt'll'V is l-i\, lhc, IiAM, I,:_

bi'<_kt,n, slich <is stirlact,s anti itllt, rnal intt,rfacc,s. /\n_lw-. I;inally, lhu t:lt,scril:_li_lll tlf <lll_(irl-_ht_us rl_att, rials and

t_l_t_tis nl,ltt,ri<lls, c,.g., _lasst,s aiM lkltiids, 11111\' St'l'Vt' <IS Ii_ltlids llltt'n c'(insisis i}f C,Xlx,riilwi_lallv i_l' numt, ritlall\,

i't,t_rusc,i_iiliivus tri lhu third iypt,, l'hu abililv l_ calt!tih_ie dul.urinint,d pair-dtsiribuitt_i_ i'ui_cth_ns, G'ht,rt! is al pi'u-

u.h,cli'_i_ic sirtlt'ltlrt,s rulius (iii d I;lu_wlt,cll4t, (li lhc, <li(m-lie st,ni n_l fl.lllv sali,<itacL_rv Iirs[-t-_rii_Cil:_lt,s rril:tlll_cl ttlr cal-

<lirlicilli't, irl </i_alurial and _i_ nwih_ds, bl4h I'tlrrll,iI arid c'til,liiil,t_ lhu t,lc.,t'ti'l_ilit.' i._i'_l_urlic,s _1 sirt.ic'ttiri_llv

tl_i-nl-_lltatitm<ll, I_r ti't,,liirlg thu strtlc'Ltirt, iii h<lrtcl, disl_l'dt, rt,cl nldlt.,rials.

li_ lieuc;_s<,<,f i_,ltt, i'ials wilh Ilill tr<li_sl<lli_li_al pi, filM- LJrllikt, inait,i'ials willl rt,glllar hlltict, slrticitirt,s, ltir llw
i_'i1\', lilt, <lit}lllit' sit'tit'ttll't' t',lll (_l[t,n ht, clt,it,rrnii_etl t'×pc,r- st,t'(it'lt:l t-I,iss li[ svstuills, dlst'lisst,cl abtwc,, I<;l_,_,'ll_,clgl_,t_l'

im_,niall\',Ihr_.lgh.l_.'_,\ampIt,,..-.hivurvsl,lll_u,raF,hy al_._iuu_.'dinaLuscl_usn_l iwuussarilvall_w [huualullla-
t h_u_'ihisslrl_ultin,i._kilt_wn,lhr,uluutrl._it_,_Lr_ul_i'uual_ li_.__t t,lt,uLn_nic'slrlwLtlrulhn_b_,hu_._\'t,nti_nalm_,th-
I_utd_l<lint,_l ll_r_,tly, ll tl_' ll_' _l I-_l_c'l_'s tl_,_.'_,rn <inel lhr, _..ls, Nt,arlv ali _,xisling, Illllv I'irsl-t_rinuit,lus I_.'malisrl_s

<l<_.<,t,ui<ltu_lI,lllict, I;_lirit,r Ii'arlsl'lwms, whiuh allt_w Ihu t(_r I-v,rlt,rirlin,l.4 Sllc'll t'<llu/ilali_ns rt,ttilirc, lraiMali_,_,ll

t,x<lci cli,l,vtlnaJi/atil_ll til Ih_, I lanlill_mi<lll in I't,t'ilq'ilc'dl invilri,liwt, alld thr, list, I_l I_l_t'l'l's tht,tlrt,ll_. ('c_nst,tltlt,llllv,

.l_,l_'l' (k--sl_dt't'l, it II<l._itillt,Ii bt,t,I1 I(llll_t:l Ilt,t'l'S_-idl'Vicl illVt_kt' rd{ht,r st,vt.,l't,

,il_t-_i'tlxiillillituls wilh ru,._t._uulicl [ht, s{i'llt'ltlrt, t_l ,1 svstt,lYi,

;'1
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._tlch,I._II1L,ti_t' _1._l,lb__1 I'illlh, lhlckm,ss l_ lru,ll _Lit'- ,lcr(_._sLIeuInk,rl<wu, (In I<lcl, ntrl,_lr,ly twl._ltnt4 _mu-h,lll' _1
l',wt's,_r _I' relx'aliny, ._I,ib__i' SUilX'rc'ellsto SlildV Irllt, rn,_l thu cry._t<iIwith rc,,_pu_'tlo lhc, _dhc,r rc,sull,_Ill ._m-lc,_I'
lnterl'<we._,,<glch,ll_Pr_xlm<lli_ns ,_1'_,hli4hly unduslrablu tile ,_l_ms _vurl,ll:_Pin/4 ilcr_._s lhu b_tlnd<lrv,)
l'_u'._c,v_.,nllrt,,mt;ns, l"Irsl, Ihc,v.,:irt, "uil0_;nlr_dled," ylc,h:l- 'l'he results _d'lhu lilk/VI c,_h.'ul,itl_;nsim,lii'ale thai IIu.,
I11_ rt,sIllI.'-i which sh_tih.l hL,chuck_,d l'_r d_,l,uml_,ncu _m Inic,rl,lan<ir sl:,<_clny,inc'ru,musby ,iL_ll[ 2() pt'l'C't'll[ iltq'_i,'-IF_

sh_blhlckn_,ss _m<ic,_,_,-b\,-c<isc,[',,mis, 5ec_mcl, Ih_.,v<_ru lhc Inlurl'ace ln_m lls bulk v<iluu, clucru,l,sc,sb.v2 l:X,rc_,nIin ,
u'_mC'Ul_Itlallvl lr_attrac'ilvu, Inv_dvlny, n_tl_,r suvun, lhc m,xl ._,I _d'l<l,v_,r._,<inelrc,malrl,sussc,nlh_ll\, tlm'l'lail_c,d
,ll:,l,r_xlm,_tl_ms t_ lhu tlrl,derl\,ir_ _4c,_mc,Lry_f LlIc,sv._- in h_vL,rscl_.,C,l_.,rInsklu lhc, rn,-_lurl,_l,In II_.,n_.,lir_l c,ilcul<l-
k,m, 'IT_ird, lhc, t,xtunl I_ wl'_h:h lhuv rn,ly yk,ld accuriiK, il_ms, wt, Inc'ItMc,d _ml\,' lh_.,2()pc,rcenl exp,irlsi_m ,:_III,,,
rc,stilt._rna,_,lull _nu Inu_ a l'ah_t:so,rise c_f,ic'c'Omlql._hrr_u,ril, b_undary layc,r, whlc'l_ ts Lhc,cl_rnlnilnl el'lc,cl, II in s,c,n Ill
_d_scUrlnglhc, c,xisterlcetil' a sllll-uns_dvud F_r_d:qc,rn, l:l,u,,l(b)lhi]i Lhc,I.)(.%Sill Lhcy,rain b(_urlclary ts incluud

'l'hls l',r_L',lem,nlalud brh_,l'Iv,c:_msl._ts_I' l'indln_ lhc, l_arrmvc,r than thai uf bulk c_pl.',ur, II is <_l_u_een Lh<I,Llhc,
,_t,ltitl_,n _I the _,nC,-l_,-_rtlc%5clariklinI_ur ucluati_m, with- DC)S l'_r thu rulaxud y,rain bt_undarv is shlflud sllu,htly
ii_ thu l]_rn-C)l:,l:x,nhc,lrrlc,r apl.m_xlmatl_m (l'ixed nuclul) toward l_wcw enc,r_ic,s c_rnj:vlrud l:v_lhwith lhal _I' bulk
<lhd th_.,l_cnl-clt,nsilv <_PF,r_xlm<ill_m [t_durmily l'unc- c'_g-,ix,r and thal oI l.hu unrel_ixc,d ctmliy, urali_m, and that
[l_n,il lhu_,rv, thal :;allsl:ic,s lhc, pnH:x.,r b_,ulndarv c_mc-li- ii l:,_,_sc,ssuss_m_ev,,halsharper ,,al:rue'lure,lhil,n ll_e DOS al
ti_ns irnp_,sed l:,v thu struc"ttlrc, _,I"a l.,i_rtictilar ,l,n tlrlrelaxed grain bol.indary [s_,llclcurve, in l:Ig, l(a)l,
sumi-lnfinltc, rn,ltt, rlal.

Discussion

Methodology
As the,_c,c<ilculati_ms lllustratu, thf, 145M5'I' rnc,tl_d

In a n,cenl pLlblicati_m,_'a l'irst-prlrlcil_les mulllplu- <111_ws_m., Io _blaln the uloclnmlc struclurc, _I"rn,llc, rl-
scattc,ring lt_rmi_llsrn was irltr_ducud thai alh_ws the ,Ils with uxtunclc,d clel'ucl_usuch a.,-,surlacc,s _l,nclinlc, r-
uxact treatrnunt ul_lhc,pr_bh_,rnjust st<_tuu-l,'l'his f_t'rnal- [aces, _m an at_m_-by-aturn basis, /\l[l_c_uy,l__ur c_clu is
ism providc,s a unil'lud il,'c,<llrnc,r_l_I"lhc,uluc'Inmlc pr_pc, r-
lius _f a Lm_,_dSlX,clrum td sv_lerws thai ir_cludc,s,but is Figure 1, Elech'onlcDOSas_oclal_.,dwllh a
n_t limited lt,, pure, c,lc,mc,r_tals_)liels,c(,mp()tlnds, eolnch;lencesllv alaZ5(ll)())3b,9.
(_rcll,l't,cl ,.lJhvvs,SLII'['iICL!,S ilnel Jiitt.,rl_icc,5,ancl (dhc!r low- lwlsl grain bcmndaryIn copper, (a) Unrelaxedccmflp,uallon,

(b) Relaxedconflgurallon,
svrrllTlt!lr\ _s\,blc,rrls, i\_ IiIu, l_rmal aSl:_Ucls_I' lllis real-
space,multlple-scallc, riny, II_..,_I'_,,(I<SN'IST)rnc,lh_d hav_.,

l,c,Unli_i__l'rc'viuwc'_llhc,mc,thodlnl_rc,vi_uShure,w_i:k'I"" w_.'l_rg_ a cluscrip- nii u_l l-I i
-- (;t'<ilnlx,tin_l,lrv I I _I_(I....
---- HulkCOplx,r" II _',I_

Computational Results I ! .f_///'

In II_, c:alculal:i_ms rc,p_,l,'tc,dhc,n.,, we usud thu sulf-. ,m -- Ir'_,/,/'_Vi

c't_rl,si._t__,r_Ip_m:nlial._ l'_r bulk _:_g-,pur14ivunby IV1_}l'u_,zi /A_// _ (I

_,tal. '_ The <_t_rnicc_rclinatus t_l thu, unrulaxud grain - 2(I --- _/_'I ....... I..........

b(_unchlric>sare uasilv l:(_und thr_uy, h an apprt_pl,'lato _'
twisting ()r tilting (_l"tme-laalI til thu tlr_dc,rlying latticu, -_
l'he._t, appc'nr t(_be, IIu_,Iirsl <ll._ini[l_ ulc,ctr(mic I._(.)Scal- _ ii I

cell<itilms i,l' a twist y,r<_inl-,¢_undar\,,.Wt, usud Ihu I.:./\M _S_,ulr I _

Iii cll_tilill lhc, illc;lriic cl_l;rclirl<_test;l' rel<-ixl.!cttwist and tilt _ rb) i
. ;-. ,

vrnil_ btlurl,cl<lric,._iri t'llt_t:lc,i'. I /I

,_lXll_clinu,til a ctlirlt'ic-lc,rlct_,silt, (a silo, lh<lt is C'(ll'lll]'l()l'l [Ii
tilt' I<I,llicestin lx_th _icle._:t,l dll il_lc,rl<_cl_,)<iibldh <til, I,II]FO- ,I(I i
I<_X_'cl,Inel ll rc,]ii.\l,cl _7 (1(111)3b._-J"-lwisL_l'ain bt>tirlctary i_
in clll_lX,r c'lm_l._il,rt,dwith lhc, I.;)()Sftu" bulk c:tq:_l:,el'."l'ht' _/2.J/I I/
tllli'l<laxt,tl I)( )%l'xh ibils c'tlnsictt,riiblc, sn]t,ilrill_ iii _[rtlc'- 2ii ..... _x'till'c, c_m_l:_<ln,clwith thu blllk I)( ),Sbcc'aline,_1 lhu I_ss _t

I:_t'rillclicilv ,l,ll,clthu <l._._lc'i<ltt,cldc,_trticti<ul i_l lhc, V<_n I_ I ....... I __f"--"_.__
I ll,t'c, _,ii_.4til<l,rilic,n.lhe ,tU'<-iil_-btlt.ll_t:lnrv1)()5 ib slightly _ I ().2 (i.:1 I1..I (i.::, li.f, li.)"
I-u'l_utl/,rtil<l,il lh<lt til thu l_cllk miltc, rial i_l.,t'iltl.%t,t>t lhl, /iI,_,,,_

clt,c'rl,,l,._t,clcli._l<l,ilct,bt,{wt,t,l_.._(imc,t_t lhc,cxg._l:_c,r<lltull_,
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We have demonstrated a novel method !_.[measuring tile bond
strength of metalceramic interfaces. A Short planar shock
pulst; is launched into a target composed of a ceramic sub-
strate and a vapor-deposited metal overlayer. If the shape and
amplitude of the wave are properly controlled, the interface
will spontaneOusly debond. The free-surfacevelocity of the
metal fihn, which is related to tile bond strength, is monitored
during spall by laser interferometmj. Debonding occurs in less
than 1.0 ns, a time too short for crack propagation along exist-
ing flaws. We conclude that simultaneous breaking of atomic
bonds, rather than propagation and coalescence of cracks, is
the way in which the film and substrate are separated.

, ,

lll.troductiorl comp(.wnts, Upon imD'_ct, a shock wave is generated
that pnG_aga'tc,s throtlgl_ lhc substrate and film. At the

The cLdwsivu stren,_th i_l:hc.11(_gene()us rnaturials is com- free surface, the compressive wave is reflected as a tun-
mtmlv tuslc,d b\' spalling thurn with triangular-shaped sile wave that is subscNuuntly incident on the bondc, d
.,-,lu,:k wave's. I ''_ Bi_nd strengths have also been investi- I interface, as indicated in f:ig. 2. If tlie tensile stress at

gated usinM laser-induced spallation. 1 the bond surface, o z, excc'eds the strength of the bond,
We have c'()nstructud a "nlagr,:tic harnrner" for a o"s, tlw interface will spall.

series _t vxpurirner_ts intended to measure the bl_nd Novikov and CTlwrnov 2 have discussed a method of

strenMth ()t mural/ceramic interfaces. As sht)x.vn deturnaining spall stress by measuring the t:ree-stlrfflce
_clwmaticallv in t.:ig. 1, a metal flyer and a ceramic sub- velocity of the spal!. The spall stress is related to the
stratc'_ with a metal twc, rlavur are the, ba.,.;icc,xD.wimental vulocit), measurc, naents tl_n,.lgh tlw relation
_--. .........................................................................................

Figure 1. i)()C

G:-: 2 (lfl)-II/.) , (1)
Hyer irnpacting a

specimen Ihat has a / where _s is tlau .,.;trc,.,.;s(,_ the irltertace at the instant ,ft

laserqlluminaled free 1 rupture, Pl) is the density (_t the film, C is the vc,l()city (ft

metal surface. I'lfin_ru,tal , prt,pagaticm (ft the struss wave ()f the flue sur[ace (_tthe
h,il II,,','t ...... _ SC;I[%tri)is tl'w initial junal_-_flf x,'c'l!_ci_,),, and IIL is the,

o' ]

............ __..___ ................................................... ]......................................................... ..- ............

Figure 2.,
..."Nickel Nil_phiru Nk ku,I

( _'_nt'r_"_ivt' ..\, I r_.l_ I<l_l'r toward a critical value,

" "]llh 11I_l "_ " " "
\Vd\ I' ],lllllt Ill'tt

lill_,,,ll,ldlirt,,'_ .... - The bond is ruptured
and a free surface is

......... ........ _ crealed al lhc interface.
........... 1_, \'1%\14
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veh._f:ity at the first pull-bcwk. The relati_mships among that separation does m_t twcur tl_r_..igll grt_wth _1 cracks,
the parameters iri Eq, (1) and tl'le signal fr(,aa ta laser inter- whicl'l t'(_cuses stress concentratitms at the edge of the
fertwrleter are sllowrl in I:ig. 3. We rneastlre the bond crack. Needless to say, t lle critical stress fi)r separatit)rl
strc,ngtla clirectly bY monitoring the velocity of the free by crack growth is not simply related to the mt)lecular
surface ot: the spalled film using a laser interterolneter, forces of attachmel_l across the irlterlhce. In ductile

'lTle time-position plot in Fig. 3 correlates the wave materials, the stress depends on the plastic deformation
and particle motions in the specimen with the velocity ill the neighborhood of the crack tip. Consequen{ly, t;.v_
of the t:ilrn surface. The tirne of arrival of the shock at of the most important feattlres of t_tlr rneth_d are that m_
the surface is 1(i,al)d t k is the time ai which the signal fixtures are attaclac,d to the specimen and thai rapid rise
from the newly created surfiwe at the spall plane arrives, times are possible in the application of the tensile stress.
at the film sLirt:ace. Velocities tt0 and ttkctwrespond to The tinle retltlired for debtmding by crack growth
times t(i and Ik, respectively, can be estimated from Young's mt_dulus 1:?and the sur=

This interpretation of the rneasured velocity history in face tension of the crack, 'F (Ref. 5):

terms tfr L!°nd strength is valid if tlae anal:qitude °f tlae ( ]( lu4"l'l!)
stress wave is not great eriough to cause the material to i2 2xE /(I ;1-+.... , (2)
defornl plastically, i.e,i the axial stress does not exceed the = kp 1 - / / xo.2/
i-lugt,aiot elastic limit (t-IEI_) _t:the material. 1.n this case, where c_is the tensile stress, / is the instantanet_us cracl<

C is the elastic sound speed of the metal film. Eq. (1) length, I()isthe initial crack lengtla, and k is ta dimension-

applies to interfacial bonds between Strong materials. If less constant. [_'(.}rtypical values ('1" 2 J/m 2 and
the stress wave is great enough to introduce some plastic- E = 7 x 104 J/cre3), and a stress of ().1 GI'a, the cracks

ity into the film, the appropriate value ofC is the harrrloll- that propagate are greater than 1 t.tm iri size, At slightly
ic mean o.f the elastic and plastic sound speeds. 3 above the threshold stress, a 1-,Liracrack doubles in size

Attachments to the specimen can affect the bond by on a time scale of I ()(1ns, while free-surface veltwity
introducing residual stress. The rneasurement of bond measurements showthat the rise time t}t:the stress pulse
strength requires that the bond be ruptured rapidly so is less than 1 ns. 1-lence, with sufficient care in sample

,¢

preparatit)n, it is expected that bond rupture will be the
Flgurt.,,,o. CharacteristiCs and corresponding velocity mechanisrn of separation in this experirnent rather than

history of the free surface, propagation alld l_lergillg ()t:cracks.

l>athtil frc,t, VISt\Rrc,cordsvel_wiivMgnal
surf<wfof nickel l:r<,msp,til t',lant;,'lhc b<>t_nd,_rv Experiment

l creatc',dwhen ctlnditi(ua,atthespallplalat,isc'arried
ix,hd rupturesT in thecharacteristicsolution/.'_._ A power supply is tised to cllarge two 14-t.t!::capacittws

. / ,, as high as 20 kV, A trigger gellel'0tt)r catlses the str)red

,L, // , <' / r,__-(._/t X charge, tc, flmv through cln arrnclttlre via aspark-gaPas Fig. current fit,wing-- ,--_,.,,.,_,_, ,_.v __ _ switch, sh()wn in 4. The

t, ,H _/._/ tr'I 1 T _ J the ft,il and back thrt,ugh the rett,rn creates an electro-

th r(_Llgl'l

. rnagnetic force, causirig the foil to sllear alorlg the rails

',, _ -i_ \/ '" '__ ancit,,accelerateuntilitimpactsthespecilnen.r__ Laser light reflected frtm, the surface of the filrn is split
L. " _L_I____Z_I irlto twtiptwtiorls, c_rleof which is sent through a delay.

Figure 4.

I iT."l'rigger /_._'rt,'wlars
The armature and ge,ni,ra/or1 /iX_ I_(,M<.2_/_ It,(,M_.'

T 4/ff '4l'<'"kg"l"swiM'nefic hammer.
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L Singlt'-l_ilint _,l'(llllltl

7S



,N_'_'li(ul ,1 • ,ql{l'/it_'_',<_{lllcl IIIl_u'/il('_'._
.................... Z ........................................................................................................ '......................................................................................................................... " ...............................

'l'hc, t,,v(_p_rticm.<-i_t the rc,fh.,cb.,dlight ar_.,tlu,n mixed to T,iblt, I slu_ws fi_ur dc,terrrlinati_rls _._1IIlr c_fllc,si\,c,
<'<4i\,_.'tl_c,vc,l_c'iLvcll,lrlge iri Lhc,surface cttlrillg the dc,lay, stn,n_lll (_ttllc, sat:>l:_tlirt,-i_ickelb(_rict, If w_.'take flu,

lrltc,rfc,rc,nct, tringe,,..iart, rc,cordc,d_tl_prlott_nlultiFflic,rs, I I1:,:1,of nickel as 2,1 (ii 'a Ir(_nl l'kI, (3), tlsirlg v ....(i,3, tile,
arid a tive-t._tfirlt runrlirlg a\,'eragc,is rrlcMe_t' lhc, raw digi- data fall iri ,i limited rc,gi()rl Wile,rc, the transiti()rl fnml
tal dal.a t(_snl(i(_t.ll lhc, Fflu)t()n rufisc,, :ITic,\,c,h_cityIli!.d(_ry elastic Litplastic bellavi(tr _)f tll_.,mc,(al filnl _cc'ur.<-i,
(_t till., free surface, is c'alclllaLc_du,,-iingLlu,lc,ngtll (_t"tile I,illlitirlg tlio strc,,,-isI._ less tllarl I ,() (.il"a vw_llld lu_vc,
delay see-Ibmtit the'inlert_c,rtmlc,ier, the index lit rc,fracti(m tUlSUrt,d thai lhc, nickc, lrc, nlaillc,d ill lhc' elastic rc,t4i(in,
irl flu, c,t,_l(lnblock, and the la._erfrc,cltlency.. I I(1wever, ii(ii* main tlbjc,ctive ill thc,seC,Xl;_l(irah)ry ll]l.,il-

_anlt._lc,swt're prepared bv st:_ulter dep(i.<_ilitln (lt ,_tll't,lllc,nt,_wil,<-iIii dt.!lll(lllSiriltt, thai .<ipall(iclt't.ll'rt,d,

2() t.ill;i til: nickel Oil a Sapl._hire,s{lbstra{e at 1'(1(1111 lemt:_c,r- 17xcet._tf(ir sh(it lh, the elastic s{itlnd sl:_c,c,c|i,_u_c!ctf(ir
di(lr(.,. "l'hc,sapphire was 1,27 cnl iii dianlc,'iclr ill]d ().._2CIll c'alcdlati(m (_t"lhc, b(lllct Ml:ellglh. Sine'c,the sires<_wave
thick, The Stlbsirale \,\'as in_pac'ted with a c'(ll.:_t._C!l"flyer in shot 1(_exceeded lhc' I I1;',1,(_1nickel, the harmonic
().()()(_4cm thick iii vc.,lllciiie,g in the l'i]ll_t' .('ii' (),().0() til Illt'illl i_t lhc, plastic and elastic' s(ltlncl ._l_-_t,t,ttsis use,ct, il<g

(),()2t) Clll/t.l,_, This nlet.htld ]_rodLIcc,d a t._C,ilk axial ,gli'e<_s l't,Cilllllllt,lldud b.v 1411111anc'l'lt,llkt) and sit,r_i-illtiV,3 "l'he

in ftu, nickel film in the r_lll_t, (ff.2.4 to 3.5 (;l>a Iii,iii" the tabuhltc,d data give the Illtlilll valtic, of ().177-_t:(i,(124(;l>a
inierf<lce, with a t._tilse32 ns long. The yh_,ldslrength Y for the Sl._allsirenglh iii lllc, b()nd..
(_t nickel is lum_inally 1.2(.;l>a.,and tlu, I I1;:1,(_tsapphire Ix_wer flyc, r vel(iciLies will imt-mwe the signal-Iii-
is 14(ii'a. "l'he rc'lati(_n bi:Lwr,en 11111,illld dyllilllliC n(ii._t! i'ati(i i_t th{, IllC'Tl._lll't'd\'c,l(_citic',_and a\,(fid a plas-
yicqd ,_ti'c,ngth is tic"c(indit.i(in in the rneLal _lverlayer. 'l'ime I't,s(tlutitln (iii

the (tl'dc'r (ii" 1 ns is pl>ssible (Ising a VI,. AI,, lil._t_'i" int.c,r-1 --V

_111';I,_: I ....2k' ].... ' (.3) tcu'(inlc,tt,r. We c'xpect til .inlpr(tvc, till the accLiracy tit.
these t-_romising rc,stills,

where v i,_l>(lisl._(in'sra(iii.

'/'hi.__l,<_rk_l,_l_.-uq,/J<,rl<'dIi.li l/V('lljJt;ll.g,qlllJ/JlJl'lill<,7 /,_¢'.<.;t';/r¢/I.
Results arid Conclusions

"MarliiL I;r()esc'hluu" c_ Assoc'ialc,.% l,i\,ernuu'e, C'alif,

I;igu i'e ,_.<ih(Iwsa lypical I11L'(INLII'(.'d fl'l.!t'-StlrfilC(.' velocily.
Thefist, iinlt' (_t tilt' iricident slulck is t(_(ish(irt It)rec()rd, References
even with 3-ns rc,s(ilut.illn. 'l-'heringing pc,ri(_d (_t:the
nit,till film, e._timated t:r()lll i/n t,la._tic sound ._t_l.,ud ot: I. K, I_. I:r(it,,_t'hnt,r, 1), Maicten, and I 1,(G](iti, "Spilll due Iii
q ,,_ Sh(u't I Iigh-II_len.<dlv Imt_ulsl.,_," 1, Ar_lq, i'hlt._. 65(H),()., _1 cm/_ls fi_r nickel, is ab(iut (_.Hns and is clearly evi- 2c_f>4..2{)73 (l<)l_cj). •

dc,ni, I._Jl._tlnrt't_()Vt'l'y iii: tilt, tr'st specimens, we filullct .2.S.A. Niwik(w aim A. V.('llc'rn(l\.', "l)ett,rminati(In (lt the
the nickel film attached ar(itlnd lhc! edge, bul the fifil ,_t_all _ti'ength tr(inl Measured Values tit' ilu' ,_pt'cimt,l_

was detached in the ce,nicr, with a "d(_g c,ar" (iccasi(lna]- I:rt,t,-_lll'l:ilct,Vc,h_c'iiy,"1.AlJlq.Mul'h.'l['('h. I%t,w, 5,

Iv standing as e\,idence tit tilm ._et_arati(_n."l'hu_, after .71i3-7(I._(ICJ_2).
,3, V, I, 14ilnliillt'llC, llkl)<lilt] (;, V, Hlt,]_iln(iv, ]. AIJIJl. Mt'cii.

initial sc,]._arali(in, the fifil near tilt, Ct,llLt,r wotlld rr!turn "lh'li. I'hli._.21, _g5(ILia()).
it) c()nlact with lhc' Sl.lb,<dralc', 'l'hc' ._(RII'c.'L'(if ihe (ithc, r 4, J. l,, V(Issc,n, "Mc,,i._tlrel]lc,nls (ii I;ilin-Subslrale II(lhd

(}scillati(ins apt_c!aring in tilt' \.'trl/_¢itydata is th()tight til Sli'tuwlh l_)'I,ilstu"_-JDillaii_m,"/_ro<', ,q.l/m/_,Atl/,'si_ul
be' i'inging lit the flyer. I;lu" eXaml_le, lhc,21.()-ns ringing Ail('IISIII'I'HIf'Ill_'l"/'lrl, I.'ihH;,,'l'hi<'l_I'ih,,_,m,//lu//, ('o;fll',,,¢<;,
}__c,ri(id (_1tilt' c(_pl:_erflyc!r il]_pt'i]l'._ f(ir aLleast tw(i I>l#ihld_'ll_hi_,]_ll.,Noi,. 2...I, lpJT(i (AffI'M, l'hiladell_hi<l,

I',1., ICJ76), AS'I'M Sl_ecial "l'echnical I>tiblicali_m Nii. f_4(),
cycles. Anv tw(_-dilnc,nsional c.,ffectsiii the t(irm (_t rc,lit,f pp. 122..133. '
Waves frllnl the laieral ._tirf<lcU,_ di't' e_iimaled to <lt_l._ear _. I.).K. I,t_fl:u,rtsilncl A. i\. Weil,%"Vel(_c'itv_t lh'ill.le
<lr(itiilc] (),94 _i._<lfter jump-(fff, i"rilciurc,," I;u,,_h_e_'ri##,,<_178,F12().-.Ig21(I _J_4).

Figure 5. Table 1, Mti,lStll't'llltUll,_ill lhc slrenglh (if lhc(I.(13
n ickel/_apl_h i rc, bllil d,

A _an, ple vehlcily "7, _jhi_hlry (if lhc free _til'- '_ 12 i"lyer Time
face {if the Inehll, _ ii.I - Shol velncily re_(llulhln /ql /Ik ct

-_' Nii, (Clll/tlS} (n._) (till/li.bi (('111/11_) ((;l'a).._

> I1.111--- 1,1 11,(121If (J il,lill_ I1,11111 II. IW_,
I(, (I,II2_I t (I,li21_ li,(121i_J li.2(i_
I_ 11,112()2 _ I.I 12i li,iii IU II, I '_f_

, 21 li.ii:711 _, li,iii I.I li,lllll7 ll.l_,2
li , l I 1 l I l t I

li li. I (I.2 li, "_, (I,.l I "_

1 ilnt' (li<,)
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Elastic Behavior of Multilayers

The elastic moduli of alloy systems can be changed by two
orders of magnitude using multilayer structures. Both increases
anti decreases have been measured in a variety of metal super.
lattice systems. We are using thin-fihn synthesis and a
coherency strain model (CSM) to investigate the origin of such
changes, which are unattainable by means of conventional
bulk processing techniques.

J,rltroduction metastable configuration _)f atoms that i_ due to the
artificial ordering created during rnaterial syntl'_esis.

Multilayt.,rs are tl'iin-filn_ strtJcturc, s in whicl't the cornp_- This description is rc,letted tt_ asthe CSM.'; s
sitit,1 is nl_dulated in t)no dirnensitwt. When multih'ivers

ct_nsist t_t:mt,tal-laver pairs, their elastic pn_perties have Experiment
valuc's diffc'rent from those _btained by bulk averaging

_;1iiiu con'lF,twlents, as iri tlle ca.,-;c,sof senaict_nduct(." A strained-layer supe!'lattice is a tesi.lit of artificially
superlattices _r an_orpl'ious-layer pairs, ordering 0 crystalline system (Fig. 1). "1%.'effects _t lat-

'l-'wc_tc,cl:rliqut.,s are prc,donainantly used tt_evaluate ti¢c, distortit_rls on the physical behavior of the alloy

the c'l,astic rnc_duli, 'lTle "bulge test" t rneasures the in- system are accentuated when the atomic displacerrlents
pl,lhr, biaxial Iriodtllus ;Y',and "Brillouin scatterin<,,.4''2 are rrlagnified, for exarriple, in sylrlnaetrically similar
duterl_rairles tl'ie shear lnt_dulus Chi ntwrrlal tt_ the llltltit.I- ,cl'ys[i.ll systems witl'i ta large lattice rrlisfit, The h'iyered
latitwl I:qt'irles, In gerleral, a stifferling t)f the biaxial inc_d- systc, na cll_sen for our st tidy was gold/nickel witll a
ultls [)v several hundred percent is ¢)bser\'c,d in (111) fcc misfit of 15 percerlt, Wl'ierl rrleasured by the bulge test,
strained-layer superlattices C,_t:binary m_ble-transitic_n the biaxial elastic mt_dulus increased more than 200
metal sv._;tenls; and a st)fterlilag of the sllear rnt)dulus by percerlt iri rnicrorrleter-ttaicl,_ filrns t)f Au().:_-Ni()._layer
t(.irlS(ii:_-")(.'i'C(..'|lt is _,bser\'ed in (111)fcc/(llO) bcc metal pairs in which the rt.,]._eat peric)d I_'X' _] S less thrill 3 I'll'la.I
superlattic'es, ,as ctmlpai'cr d with lilt}st., expected tronl a Microirldentation with a pyramid-sllaped stylus pro-
rule-tfr-mixtures value, rides tadirect measllrement of physical properties with-

VVhile lilt, expc, rinlerltal results ,?irerepr_ducible, out the substrate reillo\,al needed for the bulge test,
cibtainilag tlaem is almost always tedit}us, New "l_able1 sht_x,vsan initial cieternainatitwi t)t:the meclaani-
llledstlrt_'nlL, llt tt.,chniqties {or exploring the elastic cal pIxiperties of 0,4-t.lm-thick, Illflglletrtlll sputter-
belaavi_r nlaV ht' t<lcilitated t:larotigh the list.' of deptlsitect (111)gt_ld/rlickc, l n-lultilayers, where d is the
naicr_indc, ntati_n/dt,l:lection instrumentatit>l_. _,'i thickness (.if tin iladividual gtlld,/nickel layer pair, and

'l"he al__t_<lrl_,nlly fillt>l'iqtTl(.lllS elasticbelaavitw t_t:soft.- II is the }'ifll'dlleSs, cj A l'lli3Xilll[llll {'it d ==2 l'li'l] is CtlllSis-

t'nil'ig ,'ii'i(t stiffening is believed l.t) resll!t fr(.)m the refit with pre'die'ted treildS ill iil(Idllli.iS enl'i0nt'enll.,lll, _

............................................................I:Jastic' t'il_duli <'ire being ctetermii'ied {l'(llll c'isc,pi_r!'itioi'i
Figure 1. _lf the elastic and plastic t'_.inll._(ll_lei'its(if iilt;It'i'iter load-

displacemelal tTtlrves.
A gold/nickel inulti-

I,lyt, r showri in bright Table 1. i lardrie,,.;s (11) of llla.gllelron spulter-

field, produced by deposited (111)gtlld/nlckel inuliilayers,

trai_slnissiort electron where d is the Ihickiwss iii an individual goltt/l_ickel layer pair. t_l
irilcrtlsc(ipy (if ,'isaM-

ph' pn pared incro,<is

_eclion. The multilay- iI (nnl) II ((ilia)
tri' is a rc,still (ii' arilfi- '..........................................................................

cia l (irtlt,,ri!lg prod utr, t| ILS._. (,.7"q
by the st;tlilt, llli,ll 1.2.1 #,'2q

tltrl_lisilion (if g(iltl and I ,';'..'-' H.gll
nickt,I by III,igllt'[l'(lll 2.__1 (,.Iii

, i'_hpLIl[t'i'lll_. " ,1,'11 ' 'q.t)(i
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The micr{.}strucluru {}f the g{dd/llickul multilayurs is dc,scribe the way in whicl_ al{}rns locally n.,arraru4u,
clu'lracLurizud by c{llluruntly strained ir_turfacus, thereby accommodating forces originating l:r_nl like- or
I<inurnatic m{.:leling c}t the x-ray diffraction 0/20 i:',r_t- unlike-pair pc_B.,ntials, 'lTw influeru:u _>fboth the h_nl4-
files indicates nulxirntlm strain at the g<_ld-nickul inter- and sh{u't-range order for each rnultilay{,l" repeat period
face R'ompressive tk." gold and tc,nsile li_r nickel), with and cornpcMtion profile n.,stll!.sin a cllange in the uqui-
relaxation into the irltt'alay'ur re_,ion til (Iqg, 2), The libriurn lattice spacings fn_m one structulre having a
rnagnitudu of flw strai_i :i,r (he ,_ih_wth'direcki{_r_,decreas- sl.._rt repeat period t.{_flw next, This idea was ctmfinned
us with longer repe:at p:.!r:_kls/A "si,np;le:l:,has6" higialv in the x-ray and electron n_icroscoFT examirmtions,

' ¢ 'tj ' ' " , " "

strained lattice exists ',k_',m!,tl)llayu)'s witl_ repeat pen- 'l"lae periodic repetition in the displaced atomic pr)si-
ods t)t Ic,ss than about 3 '_irn., q"he._,K:sht>rt-pcrit)d struc: tions of the distorted lattice, ill the rrlt)duh_tion direction
trite,,.; are tl_erefore interfacu-donainated, l:!lectmn can be described in terms of a strain wave, t' Tlae strain

diffraction in cross-secti0n and plan view confirnas the wave can then be inccwporated into a system-enc, rgy for-
single- to naultiplu-plmse tTansiticm with increasing mulati{}n of the c,lastic c,.,:;tant.s and moduli with respect
rel:,Uat puriod,I I For long perit_ds, relaxation of the lat- to a higl_-order different._tit._ of the lattice defl.'naation, 5
tic'c, from the interface into the intrafao., results in the 'lT_isapproacla comprises the csM, in wlaich relaxation
presunce of the "bulk" latticepararneters in aclditit_n tt_ frtwn coherently strained interfaces is considered in rnod-

, ._I lithe short-periud "single Fna.,-;c', cling the metallic ,superlattice structure,
Results of the cumputatiorm t:(.' tl_c'variatit.a of the

I¢ '

Theory biaxial nu_dulus Y (1()0) with repeat puriod reprt_duce
thu mod u lu s-en ha ncernen t, i,e,, sti t:feni rig, trend s

A rntKtel f{wmodtlltls enl_ancement or softening in observed for fcc/fcc n(}ble-tral,,siti{)ll rnetalsS [lqg, 3(a)l,
metallic naultilayers requires structural considerations, The noble-metal layers are in c_mpression, whereas the
Interaction between aturns (across the layer interfaces transition-metal layers are uncler tension. "i-'laesolien-

and wit:bin the layers) needs to be accounted for [() I . ing in slwar modulus C4, t is 0Isr} reproduced using the
,,

Figure 2. (al Measured and calculated Cu K. ×..ray Figure 3,

diffraction scansofagold/ntckel super ..../(;,, r
lattice with a 2.92-nm repeat period (b) The lattice spacing in the I--

Au/Ni Variation of t,iaxial

modulation direction, as ii varies with distance from the substrate, 11,24 1_-- modulus Y(100) withis shown as determined from the iterative fitting of the calculated repeat period, as com-
and measured diffraction curves of (ai, l'he gold/nickel interfaces % puted using the CSM

are marked by arrows, 10 _ for gold/nickel, 5
(I,2(I

8 (b) Comparison

({_) I , / between the measured
5 -- • Mt,asured / >" phon(,r_ veh,citles (,f

,l # --' I-- -- (''lh?tlliltt't't I1,1(} '¢(_4, calculated using

.Z 3 -- _ the CSM, 7 as a func-
._ ._ tion of multilayer

-- 1 2 3 4 5 repeat period.

I - I'uriocl (nra) '

n -J .....
28 32 3(, 4(I ,14 4H 2,1_ --(I,24

2(I (dug) (b) , { t
"' _ i,k'h',ts_,',:,l _. .id]t:l-_c, a

(1,..,1 % I'c) -- i

(1_) _ L-J ;l"ht,( H't?(i'al ' I 7

I [2
, - (I......

( 1'"' "_ .... _ tj li [

> 1.7 ..... '_

.0

7 .r ,,. .... -
[

{I,21 1.5 _ I l 1 II11] I I I llllll I I I IIIli
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CSM. Figure 3(b) shows b_tla experimental and calcu- References
lat:ed results ft)r (111)Cu/(I I()) Nb multilayers, ill
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I! i ( 't"I:I II,

We are investl_ating tile deposition of reflective coatings on
optical substrates by plasma-initiated chemical vapor deposi-

, tion (P1CVD) as a process for creating mirrors with a h_gh
damage threshohl for the Nova laser. Radial uniformity of
deposition on tire substrate is largely controlled by the fluid
dynamics in the reactor; We have studied.the fluid dynamics
and mass-transfer characteristics of a P1CVD reactor experi-
mentalli! and theoretically to determine conditions under
which uniform deposition on the substrate can be expected.

Introduction our gn_up is presently taking delivery _t'a I'IC'VI) test
react_w t_ test this techncflogy, tqgtlre 1 sh_n,vsa scherrlat-

I.)amage to bt,anl-tt.lrning mirrors al high fluenct,s IS a i¢ t)l the reactt)r and its t:lm.v Cll,lractt,ristics, Renctan[ gas

critical linaitin_4taclor to increasc,d power _tltput _.a the is introduced ilat_ the reactt)r tlarc_uglaabout 15()__,qually
Ntwa lasc,r.Currently, several pnwc,sse.'-;for rrlarlLIfacttlr- spaced srriall Ii_Hesdrilled il:lt_,the gas clisIiibutiorl plait,,
ing damage-rusistarlt reflectirlg Ol:,ticsare bc,ilag invc,sti- and it flows radially out tlil'_ugl'l holes dr.illed into liiu
gated by tlw/\dvanced Ii)rive, rs grtlup of the llaeliial cylinder defining tllO reactor side-wall. The llurnbL, r and

Ctmfiilc, mc,rlL t;usi(m (ICF;)I>rogram, with supp{wt from size'of the injection holesarc,cleterillirlc,cl such that the
the C'hemistrv & Materials SciL,nc'e 19c,t:_artment. The aim 131T)SSLII't' di'tip tl'lrtlLigh the htHes is very nluch larger than

til' using these prtK'esses is tt_ depl_sit altc!rnating layel_S the radial t_rt;'.w,stlrc, di'(ip in the reactor, enstlrillg equal

t_t rrlilierial (ffdifferinl4 refractivL, ilaclex le.g. layers (>t: flow of gns thrc_ugh each h_de.

lgtlresilica (SiO2)alrr, mating with layers t_t silica doped I,_egai'd less (_t:the ctm_plexitic,s (ii ph_sma-gas COLI-

with gt, rllldlliCi (GL,() 2) (_r fll.lt)riilc.'l (m a flal optical- piing illlt.t 1T,clcli(lll chernistry, radially t.lllit:()l'lll deposi-

quality silica Sl_lb._trille, "l'he layer thicknc,ss, on lhc li_m on the <4tlbStiYite is n(ll p_>ssiblewitl_oUl t.lllil:ornl

til'cit_,r tit 1()()Fill], is li)fit, prt_,cisely c?tillll'(illoLi, ill]t} the IYlilss [l'illlSft, l', which is g(iVt:l'llt,t.t s_lc, ly by the I't,ilc[()l"s

iltlm[lt'r ()t: layers sh(_uld be sufficienl, on the Ol'Uel' ()t: fluid dynan_ics. We have stuctied lhc, nl;iSs-lrilllSfc, r

sc.,ver;_l hl_lnclrc,Ll, Ltl CFt'_./tt>tl nlultilayc, r rcq:ic,clt}r capablt., _ ......................................................................................

t)t gl'c!dtc,r than qf) }__t_rcTt,nt rl.,flecti(m (if t.hL' I ,()6-1.llYIlight Figure 1, Schematic (ira PICVD reaclm',

l:>r(_duced li>,' the Nova laser. Tlw gllal (ii: thl' present

ett_wt is ll_ pr(ltir.ice a 111irr()r with a Clalllt-igt, fluencu

threshold l_l: lllfll't, than .1().Icn12, with damage illlCI (;,is/i_

i;etlc,ctive FWtq__c,rtic, s t1_1it:oI'111i.)vc,r il 1.¢l-t.71Yiscale, /
()ill pi'l_CL'._sLIIldt;'r dc,vcq(iprrlei_t il_volvt_,s the usL, (_f V/ I

a r,ldi(v-frecluc'ncy-(Rf,-) t4c,neratL, d piasnla tO initiate / I
frc"c'-r,ldic,ll chemical rc,<lclions in a I>IC'VI)rt!tlt_'t<,1, I_- I 1 "

I

'l'hese reactitms Ic'acl to SlC) 2 t:()rnlati(m in arc, a<.tion v(_[- I InM

ii mt.' c(li_linli(lu._lv swc'pf bv SiCI I (l I_t.l()2 ni a relalivelv ,, I , ,_l,_,l_-_l,_,l_l,_,lr-_l _lr- II_lr.- I I i .... , (;a<_disii'il,illi_,l_

tri)lli rc,,ic'liiiil and dc,p(_sits iii1 l:he subslrate, which is _ .... _ I R_''"'i<'r
(_nt, StlltilCt' _lt li-lr it,dcti(}n v(lltlnlt, c_lnfii_in_4 lhc pl<ls-

,_,,. I>c','i<,di<' i,,c<,rp<.ati(,n <>id<,pal_lmatc,ri,,l inr<>lhc. ," ' ]_' :.,,S._itraie,,"_:1 ]

dt;i><,sii,,di,,v<,,.,_,'<,vid<.sliw r<'l','aclive-i,Mexv,,,i<,li<,,,. II :....::_ : i :.l,_J""""' "<" "' ; 7;7
tilll\'-dt'nst', t:tillv-i_xidixecl, clc'ft'ci-frc,e lave, rs, vet Sill'- ............... '-

tact, tt,illt:_c,r,llurc,._ arltl/(_r ctc,pl_siii_m timt,s illtlSl ht, si_if- [ ii,- ii- tl- (,,l<_,lil

ficit,nllv <_n_<llllhat dillusitln _t cll_p,_l_l material ct(_t,s

rl_it ._lllt,dr ihe .rc,fravtivt,-illde\ pi'(liiit,.
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characteristics of a similar flow system both experimen- predtcts mass-transl'er rates that agree very well wlLh
tally and tl'woretlcally in order to determine conditions Lhee×pertmental values tiw these ll_w flow rates, as
ullder which radially Uliltf()rill iTlass ti'ansfur can be sll(n4!n in Iqg, 2, C]lvell reactltlp, kinetics and ol;lic,r data
expected t11the real reactt)r, applicable Lothe I'ICVI)l'eaction systen.i, this mt_clel is

alst_ capable tri" predicting silica deptMtion ral:es tn lilt,

Experimental Method real system, l:;iguru 2 shows, howevc, r, thai as the rlow
ra to becomes Iii rgeB t:xperl men tal mass-loss ra ius bvgtn

We cticisiructc, d a fl{}w system Identical to thai in Fig, I tr>deviate stgi.itl:tcantly rrc}in predicted values, This
and studied li.lass ti'ansfer at the substrate surface by deviation ts due to locally enhaiwed mass trallsrer,

sublimatttm or naph'halene into an air stream at ambi- whicl.i is a result or jet iillptilgemel_t oil the substrate,
eat temperatures, Flow and pressure conciititms were t-,'igure 3 sl _ws a naphthalene disk ,_lter a higll-mass-
sinlilar to those that will be tised in the actual I'ICVI) loss experirnent, "l'he I.iiilllq;,,)4 pattel'n t)l.i the Sl.lrracc,
reactor, Thc, naphthalene stlbstrates were nlade by hot- reflects the spacing of the , injectioil holes abt)ve;

pressing crystals irito disks. Overall sublirrmttorl rates troughs are directly tiliii , tile holes, and ridges ave

arid radial uniforn'lity were quantt'fied by weighing and t'ornled betweell adjnlx,llt lmles, In tile actual c(latel',
19rofiltng the, surf0ce bert>re and after al.i experinlent, since deposition to tilt> surface alKt not i'ell.i(ival frtlll.i

the sLIrface OCCLlrS,thts pattern would be reverscrd, withi

Results and Comparison with Model Studies trl_ughs formed between adjacent holes,
We l.ii'l\,t, developed a model for jet irnplngernellt in

The experiments have shown that ltir relatively low gas order t;o quantify tilt, ttlperating ctmdilitins that wouM

flow rates, rad!ally uniforrrl sublhrlation or the naph- eliminate these localized nlass-transfer i_ltuaunlfornli -
thalene stlbstrate occurs, We conclude from this restllt ties. in the interest c_ftractability, a single jet tri al.i

that t.lniforrn deposition of SiO 2 will OCCLII' under simi- axisyrrlmetric geometry is analyzed; the influence or
lar condititms in the I_ICVD reactor, A stagnation fl0w adjacent juts is implicitly accounted for by impt_sing a
friedel, whicl'l as,,7'urnes tlniforrn injection of gas over the zero radial-flow bt_undary ata distance s/2 midway
entire tipper reactor sul'face and rieglects edge effects, between the jets, Also, the upper ctmfining sLIrface has

bl.,en rell.ioved in our computatitirlal getln.ietl'y to allow
Figure 2. gas irl escape, l::igure 4 depicts tills idealized l'ltlw field.

- _ ,, ,
12113[)ata

Experimentally deter- _ 'l'ht'tu'v (St = 2,5) Figure 4.

paredn'ass'l°SSwithrateSpredictionsC°m"_ ! [][] .let _f A Idealized ct, in p u ta-

of the stagnation flow "" '_ -- lte :: I thrall flow field fill'

model, (Stagnation '_ n _i u, ::=(I studying nonunlfornlt-,_ ties tn jel-hllplngenlent
flow Reynolds nuln- _ '}, - ,ll mass transfer. I'olnt A
ber Re = QIIIIAII, '_ '_

where Qt is the total E is the stagnation point,

gas flow rate, lt Is the I i and l'otnt II is the flow-, separation point, Yts a
plate-to-substrate spat- dlmenshmless mass

lng, A ts the injector () ,__ __1 _ I ,, ] ] '_ L fraction, and ur and
surface area, and _1is (I I 2 3 ,1 5 'I_ tta'

the gas viscosity,) Stllx,rficial I,h.'vnillds nUllal_t,r _1 i _ are radial and a×tal

/ l ii velo.ctttes,respectively,
.4 -4_ "

Figure 3. 'i' _ #
Effect of jet-impinge-
merit-enhanced mass

transfer on napl, tlla- i '_ ;_

lene sublimation,

X -" /
A I , I_

qlll_M I',ih'

6 ,_"t',i* _'::-I, li i : II/-li

!

S4
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Wt' tlSU ,.1c_mmc, rclally available, t'lnltt?-elument Conclusiolls
tl{_w c_cle tu (I) stdve the Navlur-St_kes equatt_._ns IiJr
stuadv laminar flow ,lung with the advt,t:'tlt,a-dlfttlsit,a Expurlnat,ntal and m{_dt, ling stucllt,s t_t"fluid ctynataaics
(mass-tra|asfer) equatlt_ns, anti (2) quanttfv thf radial and mass transfer in a tlt_w system simulating a I'lL'VI)
var,,titan (_t'flat.,mass-transfur rate ,at thr., subst|'atu rt,,.ictt_r have It.,d t(_a grt,att, r tllaclt'l'Stillatllllg t_l"thu prt_-

irt_m the jt,t-sta_:,taatt_n point tt_ the flow-separatii_n ct,ss and have cir..fined t_pt,rating ct_ndttlt,as that will

t._;int at s/2. I'a|'amete|'s arc, (11 the jet I._t?ynt_lds _q;_ti.naizt,radial tnnift,'mity cd clt,l:_Mtlt_n tart,s.

number Rej = 4(.)./_dj_.t, wheru Q Is thu gas flt_w rate
thrt_ugh the jut, ii i is the jet diameter, and _.tis the gas "/'his _t,c_rk,,as sUlJtJ_,'h'd I_y lhc ICl.' I_ro,k'rmlt.
vis¢tMtv, (2) thf jot-tt}-st.lbstratt., spacing I-I, and (3) the .......................................................................................

jt?t-tu-jet spacing s. 11.1_12 . Figure 5.

I:igure 5 shows ruprt.,sentativt? model rusults. Thf '-J_ _ Rr. I
m_dt, I as wull as thu experiments sh_,.v that mass-transfur 2 0.111ni----_'.a..._ Model predictions of

"_ _1_.,_ variation In the let-
nlt)latllaitt)l'nlities art, very sunsltivu t_) Rel t:()l' Ct)ladltit)nas . _ li.II(IN " '_'_,I Induced mass-transfer
t,f interest in the I'ICVl) re,etL,r. Fu|'tlaernaore, predictt.,d _ 0.(,)(, --"t_'c _"_".._"_ ,'ate fr.m .tijdgl'lil [ JO11

valut, s of Rej for which the c,_sc,t ut: significant jet- _ -"-"__.._ polnl lo fh,,v-separatlon
' " (1.(1(1,1.... 2(1 point for various Re I,elalaancud mass transfc, r occurs agree quilt! wt'li with the

t.Xl_,erimental data. This study has aiclud in sizing the _; 12 with Ii = 2 eta, s = 1 cna,• ,._ (1,{1( .....
.--, ' and the Schn_ldt num-

gas-injuctit,a hcdus and in determinilag suitable _perat- .... I _ I I I
ing flt_w rates f{_rthe ruacttw. _1............. ber Sc = 2.5for dlffu-

ii I 2 3 ,I shin of naphthaler_e in

Radial ptMlil.a, r/R 1 atr,. I¢1Is the let radius,
t lirnt,_si{_l_luss)



We have been developittg corrt_sion-i'esistl, lt coathtgs for _ne/als
such as stainless steel, vanadiu_n, n/o::,iutn, and tantalunt,
Wt, have showtl that ahtminide and silicide coatings provide

' ' . ¢tl_._llOlllllelltS, We Ila_;eoxidation protection in l,urntng-fttel ' "
also shown that CeS and Ce202S coatings are capable of cott-
tainittg molten metals such as ttranittm and phttonittnt,

I lll;rod tic[ion I_, di,an nwt,iI stll'f,u.'t,<,, thtls givin_ <l lily,n, n,li<_l-,It,,_tl

rt,pr(u.ltwiblt, pr_,ct,._,s, ,incl (2)tl_,\'t,l¢,lfil_g ,I lt,clll_iqtlt, fl,r

I:¢_r lhr' p, isI t.w,_ vt,<ll'S, wt' h,l\'t, bt'¢,n ¢l_'x't,l¢,l,il__ p,llchin,l, b,ln, rr,gtr,la.', in li'lt, ¢'_,,lti al,,, s,twh ,i<,,it weht

ill_l,r(v<t,ct c't_alil_gS lt, pr(,vidc, i_l_,i,lls will_ <t,i'i'i,si_,l_ lm, -, i_,inl<_,by <ll_t_lyinl 4 '-,ItlITV c(,,liila,l_',s,iilcl st,,iiilay lh_,m in

lc,c'th_l_<li hi_,hlc,inl,c,r,ltili't,<_,lhc, <'l_,lting_, ,ll't' iii Iw(I Ifl<lt'c' I_.v!<i.<,prwt, ldiilt_ _, ;l'hc,_,_,c'l,,liii_ys il_,lii_l,lin t41_l,cl

iypt,<, ', _,l_c,I(,r l't,si;4l,lllc't, iii (,\i_l,lti_,n in ,iii' ,intl fl,_lllt,s, t,xicl,lii(m I't,_,iMilllc'c, <lflc,r cii,lit,el p,li'i_ llavt, bt.,t,l__t,vt,rt,Iv

,liIii Lhc't,tilt,r f(,r i'n(,llt.,ll-rl_t,[,ll <c_lat,lirllvlc,rli, Stlbslr,llc, btTli i,r t.lt,f(irlrlt,cl. \'Vc,I_t,lit,x'c, lh,lt thi_ is <l Iu't,ilkllll'(,tlgll

rn_,till<_bt,iny c (_,ih,cl nrc, v,lrlilditll_, i_il_bitlil_, [ai_t,illlm, in ct,r,_l_ic-cl_,ilii_ pt,rft,rlll,li_ct,,

,_l_cl<l _l<linlc,s<_sit,el (2 l-h--el). (.'_,rr(l_-,i(,i-rt,<,i_hll_ll cl,al-. _ilic'id_, c'lliil I'll4.,-,_,_'t_i'l,.wt,II ,ii high It,ilil_t,r<llllrt,.,-,

ii_y_, h<l\'c, ,ipplit,itil,l_ iri lir_, ,_,ift,lv (li lltlclc,,ir wt,<ll_(lli_-,, bc't',ltl_C'thin' f(li'ln <1highly Vi_t'(,tl_, _l,l_ _1 iw<lriy l_tll't'
it't--_'llyii_t' c_l'i_l',(_ilt'ilts, lillUid-mc,t,ll _'_,_lii_l- iri ,'lcl\',liwt'cl _ilic'n,i_ <il_(_xict<llil_il I_,lrrit,r, ()iii' _,_,'_i'kIla_ c(,i_l't,i_li'illc,cl

ti<_<_il,i_<libell:tl'_i(irl i't',lt[lll%, ,libel tjlc' Id,ill,cir\' c,l_liilg _t i,n lhr' clt,\'t,l(,pmt,rll (_f c'(,,itill_s i,t '_l,_i:! (ll'l I_i(d_ilim ,libel

rt'<icli\'t, irudic,l_ ivll,l,ll_ <qlch ,l_ tir,li_itiin ,_l_lclpltlt_mitln_. thai-,. lm I.,inl,lltilrl lh,_lwill ,_urvi\'t, t_r ,i fl'w i'rliilllit's

lh_, ,il,r_l'-,l_atl, irlctti_lrv hit_, cll,t'_,l(_t_l,_.t,lltimii_icle <ll_l _,iihc,r in <iii" (,1' in _,licl-i:m_tx, lliii_i i'(wkl,i ftlc,l Il,llnt,,_ ,ii

<.ilici<lc'c_,li.i'_, .-,fllr _>\id<lli_n I_l'<_lc,clil_i_ila ic,l-l,i_gim , lt,int_l'r<lltirt,.<, (_t ,iblltil 2 I(lli K fl,_t,l. 3), _,.4/(, LiSt,el,l p,lck-

cl,i_p_llc, lli _,l<,i_ric,li_,cl Ir(llYi rl,fl'dcit_rv inc,hlls, 1,2 \,Vi, ct,ll_t,l-lia[i(,i_ pl'(wt,_,_ h_ ,lptfly t'(_,_lii_,_, ,ibl_til ,Iii t.lnl thi<k,

I_,lvt, l_qii_ll ilmi ,lltliYIiniclt, t(_,ilill_4_ </ru tl_c,l:til til-> h_ ,i (. 'llr(_ii'iitill_ ,_dclili_n_ l_ illc,.<,_,c(l<llirl)4_ t4rt,,_llv imt_rll\'t,

tt,li_t_('r,iltlrc, t_l ,lb(_tlt I _(lli K t(Ir Iitli_clrc,cls (ii hi,tire, ,liicl th_,ir pt,rf(_rl_,il_C't,. I )tiring llxicl<tli(lll, lhc, thrtmlitlln tl_i/-

<,ilhid_,c(_<ilii_g.'-,tit> t_, ISll() K I(w '_t,\t,r,i1 h(_til'_, i_i' a<,[lit4 _ \'t,rl_ i_l ,l (.'r-,() i I,Ivc'r ,lb_,vc, lhc,_i()_ _41,_>,,'l'lw ('r2()I

,l_. 22l.ili I'.; l(_l' _,t,\'t,r<'il rnilltlip,-,. I,iltlc, i<_kll(l\vi1 ,lb_lil ll_t, <_c'i'r_,,_l_,x'l_Itlric'li(m'-,, li t_l'_>v'ide_,a phy"_i<,ll I_,lrric,r lh<li

tl,-,t, iii t(_<llin_ I'_i' II_(fllc,i_--rrlc,tiil c(_i'li,lil_irlt,i_l. <,hh,ld_ the Sit )2 fi'(lrrl .re,ic'lil_4 wilh iirll-qii'ilit,_, lh<li

wtitllcl ](il,\'t'l' its vis<_,,<,it\', ,irld ii <lisll t_.l'(l\'itlt,s r,ldiiilivt,

Application of Oxidation-Resistarlt Coatings <_>_,lii_gt_, thf stlrfilct, [lt,cdtlSt, lit its high _,mi<,siviiv,

()tlr <l<,\c,l<,l,i_,l_i _,t <lltirl_inid_, cl,<lling_, has c'(illct,ll[l',l[ . Application (if Coatings for Molten-
c'cl t+il NI+,,,\I __t_ittii_i,4!_I_i_ i_i(,l:+itii'i_..,\clllt,rt,ilt't' ,lntl Metal Contailllllellt
I)_,rln<ll-t,Xl_,lil<-,i(_rl n_,ltcll I_r III(,<-,(, c(_,ltii_}As art, \'ur\'

,/__,t,lit].\\"t, I.l_,t,,lll.llllil]llll'i pi,wcll,r in ,i '_ltlrrv..ll_t']l tt,<h- \\!c, li,i\'<, ,lpplit,cl c(_,liings l.l_ Slll"l_,il'illt'_, iii ,-,I,iirllt,<-,,_
I_icllil' <ii I _7_ K t_, I(irlil _1_/\1 _c't_,lliil!4_ ,lb(_ul _(I liirl _,t_,t,l, v<lil,lclitim, ,lilct i_it_billin tl_,ll <irt, I_illt w_,tl_,_l I_\,

tlii_ k. :llll, iniiip, pr(,bll,in ii_ ,l(llit,\'in!- ,i _tlt tt,_,_,ttll mtlllc,il miq,ii,-,. _l,iii_lt,,-,_ ._i_,t,I i_ c'<,p_,<i,lll\ ' clilfic till Iii

t i_<lliil_ i_,I_ <_i<ll_ili/_' th_.' gl'_,wlh _t ,l <_ll_lii-ltl(Itl _,,lllcl ctl,il b('t,itl_t, ii<, Ill('i'lYi0l i'\l_,il_f-,i_lil i<_Inlltll hi_ht,r il<_,iil

t_i_t_,c Ii\'_, <_lli'l<ltl, _.,i,ilo, ,_1,,\ 1-;,.(.),, ii_ prr,Ii,rc,lit't, iii ill,li i,l t(,illil_tllll\.' il_,t,cl cllilliil_4 ill,lit,ri,ll_, sllch ,l_

NI_,.\I( )l _l Hb.:,( )> _\'lli_h c.ll_ il_ll Itlrrll I-,r_ll,_ ii\'l, <_<llc,<_. i,\icll,<_. \.\it, I(llliltl lh,li ,l rl,l,lii\'_,lv lil_(,\pi(li't,tl <l,l<_ _1

7qiil,ll_l_, _II('!i_ic,iI ,ictdili\'l'<_ (t,._., ti/r_llYiitllri, <_iii<_l_, i-n,lii,ri,ll<-,,II_<,r, irt' (',ii'lh '-qillidl,<-,, b',i\'t'_ ,l il_li<h b_,lil,r

Inlr_,ll, ,il_cl \'tlritilll),irt, I,.ll(i,_vil I(_ll\'t,l't lllYll, tlli<_ t_r(iblt,ill, t]ll,iillill-.(,\l_,lii_,it_ll ill,illli II_,ill cl_, _,\itl_,<_, while' h,i\'il_t4

( )iii ili<iill il_ll_i'l>\'l'l_rll ' ii'-, I(_ tilt' ,lltlnlillict('-.c_l, iliiI,L', t_i'l>- 11_' lilwt"_l I,.i_,'il '_,ltil_iliti,'_ ll_i' II_l_'_till_lllc'l_ int'lill_. I

It'sq /ll't' (I),lclcliil','_. <l lltl_ri_tt, tlli\ Iii [iu, cl),ltinv, I't,,lt I,lllls \'Vt' II,.,_,ll t_h\'si_,ii.. \',il_()r clt'p_,<-,iti(_il (1'\/I ;))1<_,llGfl\'
_,,ltiilv <-,,ibllllt Iii li11_ Illit'l< ii, ('t,74 ,lllcl NtlfL 1)irt'_ I t _l,i[-
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Alrn_.,stIr_._nlIts Ir,.,eplNin, I,l,f'ql, hasfosLurc,d ,1vi_- ¢.)urrc,_t,,:ln.'llt,l'l'tirl ha_s_.'v_.w_lldlsLil_._,ttl_llabh._yc,L
ort)tt_ rc,.'.;_,,,ircllprogr,'inl orl c,nc,r_.c,tlc nl,lturlcll,'._. 11114111.Vinto,motive curnptwlt_,r_is,'H_c,rc,arc, lhc, tllc,t,rlsts,
Allllougll tills activity is clc'arlv a natuv,_l ndjunct t_ _,,,,,llt_tlh_c'ctwrlputt.mnac,dcqtnt4to stilelr li-,,,UCltial.lt_nst_t
ntlclt,ar v,,i.,aporls rc,so,arc'Ii,L,xt.',lc_ivc,substarlcc,s d(, stcltu,Ilvdrc_dynclrnlcs,arlt.icllc'nllcal killc,tlc_t_fc,nl:rl4etlc
l_ave a varit,tv c,f nonrwillt,lvy t._L,s, F,r thi_ vea_tm, tlu., rwatc,rtals r_tldrc,,lctlc,ns, !!',xpc,rimL,ntali,,-;t.,.__vntl',.,_tz_,
generic lurrn "c,ric,r_c,lic nlC_tc'rl,_l.'s"is clc.,c'nl_.,da nlC,'t., new C,VlC,r_4t,tlc cc,rlpc_tlrld.,.;,C)ll-lurst:c_rrrlt.llal(,rrllxlul't,s
clt:,F,l'c,t:,ricltt.,n,_rwe, Nt,ntvaditl_,n,_l ,1pF,ltccltic,nlst,l _.,llL,r- of tile,So,urlgtilal CC,ll-ii_x_tlvlcl,,-iwith v_lrit,i.lst,lndcws avid
g_,ttc nl,_tc,l'i,_lsirlcluclt, (I) usl., as rocket pv'tH._c'llc,rlts, rlt_nc,xploslvc, acldttivc,_ that rvlc_cllf),the c,xph_slx,e,be,lily-
(2) ti_c,in sp_.,ci,llv,'c'lcllnt4F',rucc,ssc,_,C,Xl-,lostvc'fi,'mtrlt4, lc,'. 17,lollc,xph_stvc, mixture ts cl'ianlct_.,rlxodby a varlc,tV
gc,nl,ration iii' sc,ismtc signals, and i:l'vnan_lcc,quatiun cir cii'n_c,,_st.irc,n_c,nls Llxlt spc,ctl:ythe fli,,al t_at,rf(irllldn¢(.,

stale lllL'ilSUl't'lllt:llt_, allCl (3) tlSl-' Ill the,prt_cll.lCill.ln tit' F_ilran'lL,tt:t,s cii'Lhc,nc,w prtlcltlct, lSt,cilCl_t' iii' Lhc' tllllt!rt, llt-

ultrahigh pulsc,s ol; electric Ct.li'rc,ni--Lip Lo 10(' A, As a 1),shclrl time'slnvcllvecl ti_ explc_slvc,clt,Lculailc,'is, lnt4c,-

c'lils_, c,llc, rgt;:tlc' nlat;t.,rlals arc, bV fill' Lhc, Illtlst l_'l]]cic'llt ntcltls nx:thc_cls tillh.luc! irl this flc,lcl nltlsl hi., c,lnpl(_yt,d tor

t,llOl't._y l't.'sl_'l'VOtl'_klloWll ill itJrnls of available t_,llc,r_,y si.lth invc'sttgatltllls; clt, ttilliltion vt:luc, ttic,s aitatll villtlc,s

c-olltc, nl pc,r tlntt wc,lght, lSt'C'at.lSt'_._1'tills higli c,llur_v ilt_Proachlng 1()krn/s and gl.,llC,l'i'ltt, Iclcalpl't,sstil'c_ ill

t'(lllit_'ll{, they will I.IllCltli.lhtc!dly ftlld ftlrthc, r tlSt.,safter excc;s,,_(ii"._X rl()_ i'ltl'i'l within Ilill'it)SL!CllllCIS,Thu ddia t:l'Clnl
thr' funclanlt,nial physics and chc,nlisti'y li{ initiation the pt!l'l:tli'llli'il'ic+t? chai'aclc,rt:/,atitin is SUF_plic+dtil tile thucl-
and ctc,ttlllattt,'i art_, bc, tlc,i+tlllctorsi()clcl, rlsts tri tl."-IL,iiS il"ll_LItfoil+ftlrthc, r rncx.lcqtilg,

()ur rc'searchcapabilities wt,resignif'tcailtly trlcruasecl Most of our ru!_c,arch ts tlnclnsstfted, C?clnsC:CltlCultls,,
ill 1989 whc, n C&IVIS I__oparil'ilL'nt; porsolll'ic, I clccuplc'd L-heist,eilgat_,t_'c-Iill tills work hilvL, Lhc,CtlSttillli:ll'V assucia-
l:lt.lildlng 191,the l--Iighl):xplosivc,s Applications l:actlity Lionswith colic,agile,,,;in (Ithc,r labi,'atortos, both in the
(I Ii:_AF;),I_)c,dicatt:d c,xc:lusivl_,ly1otiu.,study Cii'(:,nt'rgot;tc 1..3,S,arid abrc_acl, irl tills rleld, tc,c'hnology {l'_ill,4fL'l'Il°O.ll'i
ln<-itc,rlals, I IFiAI-;is rl_,gardudas the hesi facility i'ff its LI,NI..,to industry is nc,arly autimlatlc, (.)net,a nc'wfor-
kind tn Lhc,world, , llltllatitlll has bl.;c'nt_:_teciand appl;oveci,ii Is tl.lrnc,t.i

Iii'Old IVspc:aldn<u,,(li.if rose,arch goals aro telilwc,nt cIvt_'r t(I trldl.lstry for fi.lrthc,r devuhlpnat:ntand, whcul
c,xplc_sivc,ftliTntllattClllS thai Cilll bi_, handled with greatc, r approprlatc_, ccllnl'ilc, rchll expl_litati_,_,
:_atc'tV thilll th(isu used iii }gfC'St'ilt, Ai the san'lt-, tinat.', Ill acldit;itllatelour rc;searchint{_t_ull;,rgoLtc inilit, i'ials, illl

fix, so' lclrn'it.llaiiclns llltlSi satisfy tilt' .,;Oc!l-rlingly pl_ri'idcl×i- efftwtwhich dClll-Iinatt, s tills seclitlrl, _,_,,i.,rL'porl till thedis-
c:'al_lbjc,ctive <ifp(issL,ssinghighL,r c,nc,rgVl.iunsitic,s, cclveryof a synthc'siscapableelf pnlctl.lcingtl'iln!.ilticul-
Althtlugh sc,nsitivity tri <lcctdt,ntal l.ic,t(,latit_n ge,ni,rally nit'ill trilh.ic_rcualc'tllyl¢onaplc,×c,s,An ilt'ctltllll is alscl
risc,swith C!llcu'gyclc,nsity, tl'iL!rc,arc,ntHt_,w(li'tl'iyc!xcep- given iii: the c(_nlbtl.stionSyl_LhL,sts(if a 'Ii-C-Ni-AI C(lll'l-

Lions that L,ncotll'a_t;.,tlS in tilis ,_tirsLItL. pclsitc,. 'l-'lllsrlOVL'I(',lC'-stc'pprocL'SSholds pronlisu for the
recll.lctlculof the purusttv gencwally associated wttll the'
manufacture uf .,-;ticl'imaterials by convc,ntitlnal metl_ocls.
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M o d e i g P h a -":' c p ti o 'S t:; _..)C k][',._ 2.ltS

The characteristic structures formed by a fluid mixture sepa-
rating into two phases are important formodelinga wide
variety of applications, such as phase separatio,s ilt the prod-
uct gases of explosives and diffusion of porous media. The rate
at which these structures form is also importa,t. We have
developed a method for modeling such applications.

Introduction lhe strtJctures that forlaa durin G tlat, separati{m process
are als_ t}t:gelaeral interest, As wt.,shall see, the domains

Mode, lilaq t_tphase svparatit:laS t}t: binarv n'lJxttlrt, s has a tri a single phase tend to l{wrn a c,mal:,licat_.'dilateq.',erw-
v,'ide \'ariety t}l ai:,plicatitms, I'erhaps the l'll_st familiar trating pattern, "l'hese patterns can be used t_ m_}del
example {_fa binary fltlid-v, hase sep,_lI'atioll is t,il alact c,thOr malcria/s. /ks dll example, the inlerface l',etween thf'
water, q'lw dvn,amic pnwess that we are illtert,sted in two _'_h(iSt'Scon [)t.' tlSt!d t,t}InC_dela very txwt.ls ft}am,
t_CCI_II'S _,Vht'lldi] initially well-mi×cd fluid is suddenly

made ttwi'rntldynanlic,lllv unstable and driven toward Theory
physical separati_n into txx'{_fluids,

Atleml:qS at accurate calculatitms {_ft'Xl:,lt_si\'e pl'Op_.,r- The irnl:_twlarlt lerlgtlh scah.'sfor ]:,l_aseSt,l.:,arati_msfall
ties {_t 1tMXt-bast,d expltMves have lt_,dtheoris(s to pt_s- between the rn{4ecular and macr_sc_ggic. 'l"he pnwvss
lulal:t, the presenct: _}t:a phase separation in the pn_ducts that wt, are interested in inv_4ves st_many m_4ecules
inis} a N-,-rich phase and a N2-po_,r phase. I 'Vlw imt:,{w- thai molecular dynamics is to{_time ctmsuming as a
t,_nct,()t :4ucha phast' Sel:,aration, laowe,\'er, d_.,pendson mt,deling approacl_, vet a degree t_tdvlail is reqt_ired
lit,w rapidly it can _wcur. If the pnwess is h_osl_,x.x,,the thai is difficult t_ aclait:ve with tradili_mal macn_sctgfic
energy relea.,-;t.,dwill l_ot il_fluenct., the sll{wk fr(mt al_d fh,w et.luatitms, l:{,r I:wacticc_lap|:,licatitm_, xx't'nt,t.,d [:(is[
ht'rice will n{,t afft'¢t dettmati_m prt,perties, metlat_ds ftw very large systems. In addition, we ni,cd t{,

Similarly, m(,dt'ls that c,lll.rt'l.q't'Nt,ll[ the I'att: (,t dt,\.'eh_l:_ lords t() \,istl,ali/,t', italt,rpl't,[, a|ld tint, thr., rr'suits. '
pla,ast., _el;,ar,_tit_n will be useful in understand ira).',lhr., Wt.'are implt'rnentilag and e×pt'rimt'niing with Mmplifit'd
:'ate ,at which materials difftlst: tt)gt'tht_'r. Such nai×ing cellt.llal" m_dt:ls t_I" the d\,n,_mics tri;pl_ast, sot,al'ati_ms.
is ilnptwtal_t in attenal.qing to dex'el_p tz_,mpt,Mte explo- The ttwin ,ft lattice m_dt.'l we art, tlsilag was twiginated
six't_,m,_tel'ials. [nx,(.)tm,_alacl l)uri ila lUN_g.2 liach sit(., t)la the lattice is

Figure 1. A plaase-separating mixture at three time,_: (a) r = |0, (b) t = 100, and (c) r = 1000. qo relate the dimensionless time,
t, to a playsical time, it is necessary to specify a diffusion coefficient and lattice ,,,pacit_g.

(,li lh) (t')
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described by a concentration variable that specifies how pure phase tr} the other. "l"his figure clearly shows that
far it is from the av,.:rage concentration. We the.n specify after a vt,ry short initial period, most of the material i,,:;

how much free energy it costs.to maintain this, usually in one phase or the c_ther, with very sharp bt_t|ndaries.
nonequilibrium, concentration. Minimizing the ft'ce ener-. C.,rmvth of macroscopic domains is then sl_._w.
gy will then drive the systern either 'toward or away fron,, f'igure ,.°shows use of a structure gn)wn t.lsilag the
phase separation, as the case rnay be. Conservation of rnelhod that produced Fig. 1, Ilere, ta phase-separating
mass, however, requires that a mmequilibrium conCentra- mixture was frozen tata certain clegree of separatism; then

lion can relax only by exchanging material with neigh- the boundary between the two phases was used as ta
boring cells. The dynamics for this process are treated naodel for a porous material. We usecl this replica of the
using a discretized version of the diffusion equation, porous media to model tracer dihtlslc n into the material.

These models "grow" Spatiallv:inl_on'logeneous The pictures show a tracer originally lotalized in the
structures called spinodal structures that can be used to outer regiolls of the matrix slowly diffusing into the cen-
represent', for example, carbon foams31as well as par- ter. 7'he color gradient now cc,'responds tc_the gradient

tially separated mixed-phase fluid systems, in tracer concentration. Clearly, diffusion is a slow pro-
Fhe practical use of such a model lies in the ability to cess in this system. As the tracer diffuses, much of it

map its behavior (into that of observed systems. In becomes localized ila regions of varying size, resulting in
other words, the constants that go into the model calcu- large variations in the concentration, lt is also evident
lations are Very hard t() estimate from first principles, that large interior domains can only be reached thr()ugh
so a more empirical approach relying on comparison of very I1.'UTOWpassages, greatly slowing the diffusion.
results with real systems must be employed. The development of this h.!vel of modeling gives us a

• new tool to explore a wide variety of diffusional pro-

| Examples and Discussion cesses on a scale previously difficult to obtain.

Visualization plays an important role in this type of This workwas stq_porh'dby Weapolts SUlq_ortiny, Research
modeling. Althougl_ complex structures are often cate.- altd the Weap01ts Pro,,s,ram.
gorized using a few numbers, such as pore size or w_l-
ume, tamuch greater understanding can be gained from *A Division, 1,?,Program.

visual inspection. Most of our effort has beela directed -tI-IMXis octal'_ydro-l,3,5;7-tetranitro-],3,5,7-tetrazocine.
toward creating large three-dimensional models; how-
ever, for purposes of visualization, we show two- References

dimensional systems here. 1. F.H. Ree, ]. Chem, Phys. 84, 5845 (1986)..
Figure 1 shows a phase-separating mixture at three 2, T. Oono and S. i'm'i, Phys. Rez,.A 78,434 (1C)88).

Sequential times. The color gradient from red to blue ' 3. R. W. I-lopper, I. Non-Cryst. Solids 70, 111(1985).
corresponds to the concentration gradient from one

Figure 2. A tracer diffusing into a porous material, as a function of time from left to righi. The red regions have the highest
concentration, the blue the lowest. The walls of the porous material are Shown in light blue.

{a) (b) tc)
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We have determi,t,d the shock seltsitivitl/ of HMX*.forlltula-
R'L.: Sim _son, tions usi_tg precise oue-dillle_isional exl,erinteltts ,lt which

time-varl/ing properties are ineasured. The Inea_t HMX liartich ,
size was varied from 5 to 1700/lm. Forllrl'lllations with im.'rt

" -Ii and reactive continuous-fluid phases were exanlined. Both the
HMX particle size altd the nature of the colttiuuous phase were
.fou,d to a.ffect the shock se,sitivity.

Introduction ' raft, II_,a_aat dc,tc_natic_n (nlicrc,su_c}nd.. \'s r_,_nc_sec'-

<,_nds), ,anti flat, shtwk tr<_l/t c,lnl_<_t bf' [l't'd[t't{ d:"; ,1 Lllai-

ln!ti;lti¢_l_ t)l ,I ¢,.)lltic'nst,d-l',h,lse t,nerMt,tit' rn,lleri,_l and als I(_rm, t)rl(,-dimensi(_rl,_l plane,

tra,_y.,itit.a t_, dc'ttwl,atit_n re.tilts fr(.wrl a c'_)nat',l_'\ into,rat'-. I:\t'wrii'nc'latallv alad tlat'(>rt,ti,.',all\', it la,aml',t.'n _la(_wn

liI_l_l',,._l\v_.'t'Iii'i'It'c'l_,liaicsantlcllenlistrv,t)nce<itl_'tt_rla.- lh<atliar,ferr_l:,t,r,llurerisel't,stiltin_frt_rlimtic'l_sh_wk-

li_i_isl_wrlwtl,a Stil,t'rs,._laiuw,i\'t'l",r_G_,'ig,_lc,sllir_,.l?li,in l_tat-lin_isil_.'-,tlllic'i,.'nll_rt'lit'mic'<ill't,,iuli_nst_t_,uullr,'ii

_'\l",l_,'-,i\'_',il\t,lt_cii.it,s,il_l>r_<lulairGI()kin/.<-,, f,islt,rll,.Iglaraft'sLt_si.ll:,l>_rtflat,clel_rl,-ili_.tnl",r_wt,sn.

,\1 ll_t' sl_t_c'k M_ni, i_rt,sstlrt,s c'nn i't,,wh {_l)(.il'<l In>,lc,ad, c,ilc,)'gy is llw,lli/_,d aci'/_ss lh\, shawl,. [rllnl in

(Ml(),()lli} ,llnl, (ii <_l;,l_r_\iinal_,lv u Iii _' Ib/il_;!). ll_c,s_' l't,gi_lils c'_llllllt_lal\' rc,lt,l'rt,ct ll_ ,is "hc_l <_lv>ts." 'l'l_es_,

)_r<'<_<qil't'sarc, _llltixic,illIv high t_ shtlc'k-c'_nlprt,._s tlial't,-- l_w,lll\' ht'air,el rt,._itlllS ¢<lil I_t, pl'tKItltt,tt bv ,i latilllbt'r tit

<lctt,d m<llt,ri,iI It} nt,<lrl\' h,llf it._ _wi_inal t'_ltinw, rr,still-- ctittt,it,i_l t,l_wc,ssc,s, siitll 4s \'i.<-,t_l>tisixlrt, c_ll,ip!;t,,
ii_!4 ii_ i l_,mtx,raltirt, I'is<, <}1I'd(ii)lt_ 2.:_()()K. _\1 Ihesc, lai!4h ii_llt'rgr,_iltil,lr ti'itti_i_, <,h_,ilr b<li_ct ttisl_wali_ias, lllic'rt_-

lt'rntx'r,ltti,'.t.,,<_ lhc' _'\ t._l_si\'t, will r,_l_icll\' ctt,t'tlml_ is\,, jt'ltin_,, ,lnct <_hlwl,-wi_vc' intt'l',ic'li(In,_ cltlt, i_ lh\, clilit,r-

rt,lt,,isln)4 I,lr_-c, ,l111/itlnis til t,llt.,l'_y', i'llls t,l/t,l'g}', in lhc, t,nct, in sla_wk ill_t_t'cldntc, bt'l\vt,t.,n ._t,l_<lr4lt,

ll,rlaa t>l hi$,,l/-l_l't,sstirc, t_l'_}tttitl G<lst's, Stll_tXil'ts ,ltl\'ailc't,- ttlnlt_tlllt'l'ilt_ _1 llat, hi_4h t'\pll>si\'t,.

n)t,ill til lh_, sl_t'k tr<_ni, li'lt,rr,b\' t_l'lltttlt iil.4 ,i sl.\,<icl\'--slate, 'l\'l_iu<_ll\', ,/ i_igh-ttt'lasilv t'\plt_si\'t, t't_nsisl<_ t_l ,i

ttt,lt_ilalil_n \V<lVt' t'<_l-l_l_lc,\. lht, limt' sc"</It,i>t lhc' t'llt'l',U,$' tvll\.'t'r\.'sl,lllint' tx_\\'ttt'r ,li'icl <l blrlclt,r. Iq_r I't',lSllllS <ll.ii-
i'_'lt',_'-_l'l'dl/)_',c'_,II'_}i_aIt's<_lllai_ Iii t<, I'_(I ns. I Iigh-tt_u_sil\' ]irlt,d abt_\'t,, fht' ,_t,iisili\'it\' lt_ ttt'tlm,lli_i_ \'<ii1 [}t' ,i ttra.-

_'\t_l<,-_i\_'s art' t<lp,ll_lt, l_l I't,lt,<isin_ _}\x,r I() II/\'\,' ,/tll_ 2 <li ro,li,t" Itint'fi(lll til I1_?tr\'sl,lllil_t' ttc'ft't'l slrtltitlrt,, fl_t,
I1_' cl_'lc_l_ali_n l r_i_l, t_arlic_le slit, ¢_t thf I,il_ctt, r.,l_ wull ,is lhc, type _1 Ifiiatlt,r,

,AIIh_,ii74h llac, i_i_ut,_ _t _tt,l_n<lli_l/is i_l \'_,t ft,II\' ,/lid lhc, \'t,itt vtlltlnlt, t_l lh\, m,_tc'ri,_l. /\s ,iii t,x,lmt_lt,,
tll/ct<'l'<,l<_<_l, lh\' st'it,no'<, i<_sillfic'it,l_tl\' ,ld \',l iwc'cl [iii' t)l'it, t)l litll' lllt)_,l ]_(/\\'c,rltll t>\pIc}<_ix't,s, I IMX, will li\ii

I'll<lil\' lll<,tlt'lii_t at_t-'liu,lfi<,l_<_, t ll_w<,\'c,r, this is n(it li'Iii, <tt'ttin<ll_, ,l<_,_<_ila_,,lc't'r\'sf,ll, t\nlltht,r t,xl_il,<_i\,<,,'l't\'l'l}, 1

1<_"11_' )_i'_cc'<_'-,<_1il'lili<liing lh\' dc'l_n,llil_il. In Iht' inili- i,_ lirl<_blt' ll_ stisl<lil_ a ttt'tt_ilatl_la if lh\' t_arlit'l_ , si/c' is
<ill,li/ t_l'_/c,ss, ,/ rt,lali\'t,l\' I_,\\'-<lml_liltlcl<? sl l_, k \\',l\'t, i'_'clti<c,iI Ix,lilw I _lm.

lllil\'t,_ ll_i'_,tt,_ll lhu rc,4_'ti\'l, mt,di\llnl ,ii a 1Yitlt I1 sl{_\\'t'l" Ilt,c,ltlSt, lh\' Ilat,,ilL_ t'xisl I_ si_l_itic Ilatl\' mt}\Iii\ ' IIlt,

................................................................. st'ilSiti\'il\' (ii <111t'iiC'l'gt'lic' itl<l{t'rial ihi'l_ligl_ t'h<lnL,,t,s in its
i;'Jgl.lre 1. Shr,ri,_-fr_mivel_wily hi_,i{,'ie_,.f "% ,,II-, t_h\'<_it'<ilt'h,lr<lt'lt'rislit's, anti bt,t'4tlSt, I,I .NI. is cl_i_lrnillt,tt

12/I-,and 171l(I-lin'lIll, IX parlide<, ,,ur- [_l clt'\'t'l_t_ii_ _ IXlWtq'llll l_igh _'\l_l_si\'t'<_ llliit <li't' d!_ll

r(itliltlt'd bV a ¢(Iniilli.l(ILlS pha<>t, ()f wdlt, l'. Sh()ck I,)ading w,l<> Jilst,nsili\'c,, wt, ]l,ivt' <}11(_lllZ,i)in_, ]_i'(t_l'<ll/i lt) ill\'t,slJ_4,11t,
,lccllint_lishc li tlndt'r (inc,-dinli'll_,illn,iI c'(indlliilns, bv iii\, inlpacl iii ' ' ' '
<_hi_h-vel.<iiv fiver. ,_ tl'_'st' I_l/t'l_U_c'i'l</. 'lht'<_t' irl\'t'slig41il_i_s art' ix'l'l_l'il_'tl

Ihe dilferelwes in the 5 12ii i_ " 1_\'<-;lat}t'l,..-l_<lctii_)-rt',lc'li\'t, nl,ltt'l'i,ll_ ,anti _l_<_l'i'\'iiLt.', ll_,ir
iililial and final vel(li..... ,_ .%, f lx,ll,l\'i_lr I.Incit,l" \\'t,ll-t'lu_ll'tlll(,<t c<ll-ltlili_ia<-,. \'\lc, ]l,l\'_'

iii<,<,i_,'l,,'eei, ,al,iple<, F! .. _ //,/'_._ t.n,l-?h,lsi/,,tt rl,,,<i<qirii/,4 finlt,. \,<lrvliig i_r<,l,,,rii,,, ii, iii,,
are due I_ variali_.v, in nii I_ h\'tlrt_tlvi_,ln_l_' I1_}\\' [_ c,lllc'ltl,iit, lll_, I-_t'la,lk'i(w _1 t'llt'l'_2_t'[

,he inilial i_a<l,inl4den- it Ill<ilt'ii,ll dilrilaV lilt, ilaili<lli_i_ t_l'l_t'_,<_<_.

i// /
m_i _ J 't..., lJ!xperi,nei_tal Melhodsand Resulls
f

t t ] t I:ig/ir,, I <_1_\\ '<-lll_, <_l_wl, \'t,l_c itr I_i_,l_ui_,,, iii <_,lllll_l_,_,,
, i .! _ i , __illl_}<_'<l I>[ G, t,()-, 12().-,,llltl 17()ll.!lll_ II\IX iii \\',llc,r.
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S_'c'lic_Jl,5 • Ihl_'r,qHic' M_l_'rials .#l_l t'h_'J##i_'.lF>t/J#tla'sis
...................................................................................... , ............................................................................ ! ............................ :. ,..... ,

The sample s were shock-loaded t(i 5.(1GPa. At uarly tl'lest,lligl'l pres.<_ures, tile radiarlc'e signal is principally
tirrles the velocity is an apprtlxinlatitm tr) the inert tllat of a graybtldy,'
I lugtmiot I (lt}cus tri:end states reaclled by a shock wave), . t:igtlre3 illustrates thr., radiant-en-_ittarlcu traces
l_ater tile reactitm-supported shock frtmt irlcrOases iri obtairled tit a wavulengtlltff 4c)()nnl wllen ilu_,samples
velocity uventtlally reachirlg tile value ot:a fully devel- were shocked t(} a pressurt' of 8,() (',l'a. lt ccln be st,t!ll
tiped dettmation wavu, Tile \'ariatitms in initial and final tllat tile signal ir_tc,nsities are similar for allsamples
velocities arc,dtle to slight difl:t;Tencc!s iri the packillg with particle, sizes grc'ott'r t hai_ 20 l.im. A t:t)rnlillatitm
densities ot: tile' ItlVlX. h<}v!ng a 1()- Iii 2()-I.Im l_article-sixe distribution sh\}wed

The int:ornlatitm shown iii Fig. I iih_lsl:rates the 9ft:ect cii" a dramatic dc'crease in the signal intensity. 'File radi-

particle sixe on the process of initiation. In the (_0-and illlCt) signal is t_'Vc'lll:ur.thuI:rt.,dl.ict)d in tilL, saniph., con-
12()-I.lnlcases, the pr(wesses,are \'el'V. similar, lt appears taining I--IMX.particles thai are snlaller tllarl 1() t.1111,•

thai the 5-and 17()0-t.inl cases tll'13 loss sensitive iii [l_rnls ot: This tllernlal-radiarlcc, technique can also bu tlsod [()

the tilne rt:t]Llired [o attain lrallsil.ion to dett)na{ioll, i.e,, detornline the shock pres_tlrt_,s that are ilt!Cu.ss0ry it)

the silt)ck wave ni\is[ [riivt_,l greater distances, I-lowever, i.'lrtKltlt'c) ignition sites for a given comptMtitm. I;igure 4

\.'lt)sl., exaillirlatioil tit L-hc, 17()()-IJm velclcitv history shows shows the 49()-nnl racliancc, traces fronl a 5-t.lm IIMX

thai acceleration tri: the shock b_,gins at times (ciistancus) sample shocked tr> press\ires ot _4.0, 6.0, aild 8,() Gl>a, At

_) but bl.iilds pressures of 4,() GI>o or belt}w, ignitiorl is nlininlal, Iii aSilllilar to tllt),qe tri: tile (-_(I-anc] 1. ( -).lnl cast,s,

til9 nlLlCh n-lt)ro slowly, large sanlple, a st.ipp\irl.cd shtwk wave wot.lld require

I lydrodynanlic differerlces are also indicatecl in Vig.1. 2() Ill Ill til" ll'lOl'e distarlce [o l'l.lll before trallsitiorl to del-

Unlike the other t:orilltll0tiollS, lhe 5-!Lllll IIMX mixture till0t.-it)ll cotlld t)CCLII'.2 AI t-i.() GI)0, tilt., lkldioI1Ct.' shows

shows a slight ti\.'c.'rsllt}Otirl tile \,eltwity profile before it e\.'iclence o{ earlier reactioilS, whereas at S.()(ilia, a
lu\'els tiff i:o the final sl:early-state value. This Oversht}ot prtUllpt dc,l.tmatiorl would be realixed, lt is possible it}
occurs because clettlrlatitm c'onclil:ions arc, first reathecl relate these small-scah, results {o larger-stale experi-

behincl the sb(wk {fOllt, wliere thu tlnreactecl material has Illonts where dot(ii'la\ions ill't)attainecl.

alreaci\, [_eerlCOlllpl't!S.'4eC1 bv the shock wave, aiid the Irl all el;t:tlrt to develt)p explt)si\.'es with greater
del.orlatitm {roilt illOVc'S thr\lug li fills regitln at a higher ent;g'gy bl.ii low \,ulilerability, we hat, e exarllilled the

velocity than i1 Would nit)vu tl'lrt)Ligh amt, ditllll at rest. ........................................................................... .........................
Who,li the dc, ttmation ii'til'lt catches tip with tile silt}ck Figure 3. Radhlnce traces ai a wavelength of 400 I}111 '

t:l'Ollt, tile, t)bst.,l'vt2d velocity illllllL'd lately CIOCI'OaSUSto it,<, from seven samples shncked lo 8,0 (,l'a,
stuad v-sta tc' d t;'tt )ll;.1titre \,uloci t\, \,a lue.

1.2

"Ill e\amine tile decrease in sensitivity tri:nlaterials . -:.2l) i._miii I(I-lim inler\'als h)bll-7(I i_n

wi{lllt'sstllal'a6()-l-impai'ticlesizttshock-ig 'lititms{tlcl-'_'E I.() --- /_

ies wel'c di)lit' (ill 2()()-.ingsamples tri: l()-I.llll-wMe I-IMX c"_ _

Sic,VL' CtlLS roilgillg fl'(Ull leSS than 1 () t.lm to 6()-7() t.iill, E iI.H --

t::igure 2 shows the c,xl;_erinlt)lltal ctmt:igLlratioil LlSt_,d iii

tills study. All ulectric gt,n is tlst?d to acculerate t:lat .2 (I.o .....
polvcarbtinate pri}jectih;.s into tile sample, lift,ssr.ires can =• o [).,l ....

. be sustaii'led fin" ab\ii.it 0,45 t lS ber(ire a rarel:adtitm ,_va\,c,

rc'lit'yes tile stress at the' flvc, r/samplt' interface. A nlul- (L2 ....

tichannel raditmletc, r is Lised til nleasure t:hespectral .7_ _._-.-/_./v _.._< ii)i,m
racliallcc, tit thu shockedsanlples. For the nlatc,rials ai __ (/ ....

.......................................................................:..................................... .-(_.2 { I I 1 I __
Figure 2. ' lileclrically driven flyer expertmenl wiih -I). I I) li. I li.2 ii.3 ii.4 ().q

radiomelri¢ nleastirements. 'l'Jmc' (tlS)

Itl lt,tir-ch,ilmt,I l I:ibl,r <G>lic Figure 4.
I.(Iradionlulur _ _- , . .

...._.__.__/i i 7eZ(it,lt,Cii'it- ,_ <X()l_<l<iii' f_ .... _i m/ pins _ 7; (I.S -- S.II I,tadiance irates (if

_., ,,, I $ _ (i.fl 5-1,!m IIMX iii waler
......... _ _' ii.d ....... S h.li(;l'af sh(Ickedl(14,11,6,0,

_ ..... i.() ( ',l'a d and 8,ii (ii'a,

..li._' 1 I I I 1

. 1 _llyc<lrb_mah, flyur / i ;m_s i I IMX hdll/])[t' / 'ljn,u (ilh)
i.,,t41_din.q l_rM_4u_t_lili Ikdvmuthvlmuih,lcril,liu b,lrrt,l i



initiatit_n pr_pt, rties o1 a void-fret, mixttlre t_l:I IMX VVht,n an ilu.,rt !itluid stwh as water is substittltc,d for
surrounded bv lhc highly energetic liquid I-"Eli'O.:l:l_t_r Fli',l;(.),the early-tinlc,.btlih:ltIp'bel'lavi_w remains the sarn e,
thu purp_sc, of this and similar studies,a new gau_, which, in part, stlpptwts this c_wwlusiOn. Alth_ugl_ thf
technique was devulopt'd :_,4tt_ measure, in sil:u pres- presence of an energetic liquM ci(_c'sdc,cr_,ase the run-
stlrc, s ill shock-loaded samples, distanct, to detonation, it does nDt tie so in a dramatic

The.gatlges consist of several transducer eh.,nlents way, 1lence, high-ent.,rgy materials may ht, formtJlatt,d
placed at. an angle to the oncoming flow so that each 'without a significant increase in sensitivity.
eh.'ment is not only ata differc, nt deptl_ withirl the sam- ' When the sluwk reaches 5.6 mm, as shown in l:ig. 5,
pie, but is als_ probing the origimll shock wave and the the two D_,aks are beginning t_ c_>ales¢c'. At 8.2 mm,
reactivc, flow belaind it without disturbances frona the there is a str(Hag shock front and (_nly one pressurc'
pre, ceding gauge elements. The flt_w is generated by rna×haaum, l_y 9,5 nam, the sanaple is nearly detonating,
the impact of the fiver plate at the front stl.rf,]ce of the as can bc, seen by thc, higla pressure at the shock front
sl_Ocl<assembly. As the shock traverses the energetic and the rapid rise to the rnaximum pressure, level. In
sample, thc, material begins to rea ct; the cast, ttf full detonation, the peak pressure w_uld l:w

The clifferc,nt reaction rates of I IMX and FEf:O are at the shock front and would bN followed by an isen-
shtv, vn in Fig 5, At 3 rnm int_ the laydrodynamic flow, tropic expansit!n of the detonatit_n prod ucts, which
the presst.lrt:, increases for almost 3/.ts be{ore starting to reduces the pressure.
decrease. As the wave moves througla the sample, the

r_'action-sut:,ptwted slaock-front pressure begins to Conclusior_s
increase. At 4,5 nam, the reaction behind the shock front

proceeds at a faster rate, lasting., about 2,4 _.tsbefore Quantitative one-dimensit_r_al information can be

falling, l-I(_weveb 0,2/.ts after the fall there is a,second ' obtained during the initiation process of Condensed-
rapid buildup in pressure, This buildup i_;due to the ph_se explosives, '-i_ significantly reduce shock sensitivi-
later time reaction of Ft_'FO, ty in I IMY-based explosives, particle sizes; less than 20/.tna

Altl_otigla the chenaical kinetic rates of FIEF() at these are required, The addition of a laigh-energy liquid to a
pressures are slower than those t)t' t-IMX, the two presst.lre system may provide additional energy without increas-
peaks can mai,aly bNattributed to the initiatitm mocha- ing sensitivity tt_ an unacceptable level, In fact, the exten-
nism, 'rlae shock-h_adir_g process ignites the I-lM× crystals sibility added by a fluid phase can dramatically decrease
intragranularly, 13ythe time f:EFO begins to ruact signifi: sensitivity in other initiation configuratituas, -_
c,,ntly, I IMX dect:naposition has gone to completion.

'l'ltiswork was sttt;t_tu'h'd Iui We./_t.ts Stttq_ortint¢ I,_t,.,.;t'ttrcll
Figure 5. Pressure vs time measurements on 1700-Bm tllld t/Id WCIIII(UI,q I_I'ONFtllll.

ltM× in H.:,FOshocked to 5.[1GPa. The

first and second pressure peaks ,arethe result of HM× and FIWO _'_iIMX is _wtahyclro-1,3,5,7-lt!tranitrt_-1,3,5,7-tt, lrazocine.
decomposition, respectively, tTATB is 2,4,6-irinitm-1,3,5-tria mintff_t,nzt,nt',

/1 :I:FI;,IOis l,l'-[nwtl_ylc, nt,L_is(o×y)lbisl2-fluoro-2,2'-
d in itrot,thanel.
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/.'c'tl'l_lt .i , IiJl_'r¢_'li_'A/l_il_'l'hlh,_lJl,Ic'h_'pJ#h'_d.!;j/# h_','_i_-;

"FI'c R le o f M eita11i c A dd :ii:ives

Composite explosives have found major applicatio,s in air-
blasting, crateri,g, fragmentation, umterwater eneJxetics, and
other commercial and military systems in which prompt deliv-
ery of the available eneJXy is not a primary requirement. In
metal acceleration, such as in mlclear implosion, composite
explosives generally have ,ot been effective because their
potential energy is transformed to work energy over time peri-
ods extendingto te, s of microseconds. We are interested in
defining the rate-determining steps and understanding the
chemical interactions between different components in the
composite explosive formulation in Order to partition the
delivery of the available work energy.

lntroductioll translatic>rlal kinc, tic ent,ru.y Jl_the eXt:_ar_sitm t_usl_ at
later tirnes. 'l'he respectivc ra los a rc ClClX.r_dcrltt_n dc'I,>-,

/\ t\'pical C_>lrlptv/.iteexplosive tt_rr_ltll(l[it_n cttnsisl, s ttf a rlatit>l_ tt'il_l_t.'l',lttlrt', i:..artM_.,si/y, <ll-_ddt.)-rt,c _lt rnixi_,
fuel (I IMN*), an t>\idizcr (ilnlnltmitlnl pcl:c'l_l_._rat-'), _>lthe t't)llllg_,>si[t' t'xplt>si\'e. I
mt.tallic additives (altlrnir_un_), arid a binderplasticizer In this article, ,.rc rcpt_rt t_i_ the c_ng_',in_._Itlndamcrltal
(\'it_._/I,Manc), "l'hcsc n_ultic_n_l.x>nent systems alm_}st in\'c,stigatit>n I_l tilt' t'i'*t'l'gt'licI% td ct>mP_>sitcexPlt>si\'cs,
,_lwa'v'sdeviate iri their detonatit.r_ bel_avi_." frt'ml nit>st errll:,l_asi×il_c, the I'_lt, t>f n_t,tallic additives, 'II'hf Nl._t,tfic
Ilt>llll.l_t'i]t'_._tlS((_r "idc'al") high c,xF,Iosives bc,cauSc, the objc,clivc t>l [hi.<,sltld\, in lt, tliv.lcr....t._r_dthe rate _I rcac-
/t>rlc, in which lhc c,r_c.rgclic rc,aclit>rls l,_ke placc is _el_- titan [-,.!lwct,rl altllnil_tllv_ arlct il_c del_,>n<ltit>rlintt,rmedi-
cl'<_l)vn_tlch ],_l'_c'rthar_ thai t't>l'ideal t,xpl_>_i\'c,s. 'l'hc atc' and pr_>dllct .,-,pc,cit,s,<.)f ir_lt,rt,sl is lhc, partiti_._ _>I
lar_c, l't,,l_'lit>l_._l_t,s arc indicalive _t the ct>rnl_lex into,r- ent,rg_, t:n_rn lhr, c,x_tl_c,rmic' tt.'rnatit>rl _>1AI2()._ inis> thr,
ac'tit>n._,taking2,t,lacc, bct,.vec,n the initial c'_rnl_rwnts iw_>dtct _ _.s,'l'_>ward this t,l_d wc will _ti._._.'tissthc effect
t_>warcl lhc, ft>rrnatit_rl c>i lhc, final dt,t_>natic_r_t-,n>d_.lcts. _>f<_ltlrnirltirn It_actirl_ iri the lt>rrntilatil,_ _>nthe initi._l

(._'t>+_+.idt.rlhc a[',_\'c mixttlrc, _1 ltic'l and t_xidizc'r c,rlc,rgy dc'livery.
c'_ll_t_ilc'i_ts, iX p!lvsical m_ctcI dcscribin_ lhc' chc;l_ical

c'_lllVc'l'Sitli'l t)t tlnrt,ilctc'c:l Ill<lic'i'i,_l l_l wtll'k t'l_t'r_y might Experilnental Metl'lods
in\,t_lvc, the, lt_ilt_v,,ii_ c,\,c,nls, +,ksa tlnit \'_ll.irne t_t tlnl't,-
ilo'lc'ct ht'tt'l't_C'l'iC'tltlS nli\tlll't., [_dssc,s tlll'_tl,t.41l lhc' rc'ac'- We ]id\'t.' i.'hiiSt,ll d [_it.'tlllll_tWiOlil c_mp_sitt, expIt_,_;ive
til_i_ /t>l_C', ihe I IMX divot al_i'il_l'lttll'll l_crchl_r<ltc' c'_i_sislin_ _1:I'I';I'N t ,:hd 5-t.11"I_sl_hc'ric'aldltlll_il_tll'i_ pCil'-

tillclcl'gll thc'l'm<_lctt,c'_l_ii_tlsitillll di"icl c"_lill[_tlsti_ln, titles, with I'I';'I'N scrvil_g <isa t'imll'_illt'cl fticl dllc.t _lxi-
_in_till<lrlc,tltislv, lhc, <lltli-nii_tlirl is cl>rIvcrtt,d tr_li_l s_lid cli,',c,r i_illrix ftlr dil:tcrc, l_t wciGhl ,t-_c,rc't,rlt,_(%-4()_,,_,'1'/_) _>1
t_<lrlictli<ltt,s lt>stil_t,ii_!',ltc,cl \'<it_lir, N/l<lssand thel'l_<il alUl_lii_tii_l additi\'c. l'hc, reac'ti_,_ Ztll_t' t)l" I>I('I'N is !_
trai-_<_[_}i'llimitalil}l_s Ihc,ri itc,tt, rrniilc, lhc i',ltes iii* rr'ac- sl_rt (i,e,, the c't>rl\'ersitli_ {(>ctc,l_i_<lti_i_t-_l'_cltic'tstakes
Ii_n I.>c,lwet,l_lhc' alllmii_til_, ii_tcrmc,di<lic, _>xictizin,u, i_lacc ,iirilt>,_t iinrnt,diatc,lv)lh<li we drt, il_li_ilt_rinv, lh/'
<qx,cic,:_,anti clc,l<in,lti_i_-t:_rt_cltlcLspc,ci_,s, ht'at-ut_ ,_nctstib<_c'qtit'nl l't,ilc'li<ll3t_t ditlll3inillrl witll lhc,

i't'<lc'iitll_, clir_,cllv aflc'cts clistl'il_titi_l_ _>1lhc' t'cltliiil_ritlll_l 'l'tl rl3t'd,_tll'C'llnl, c,tlc'ct c_llhc ,iclctili\'_, I_l_ i-_t,l'lc_l'-
l:>i.t,ctliclal_li_g il_c ist,l_irc_t_ict,\l-_ansi{lii, t\s Lhc ]_rtlcttlc'l Ill,lllt't', Wt' tl_gt'd simt,ll' Inc'l<ll <lcct,lt,rillitll'l test c<illect
y+l<_t,\t,ailcl_,, th_' a\',lilal_l_, lht,ri,nal t,llt,r_.v is p,ii'titi_i_t,cl lh<, t<ii_t<lltim t_lalt,-,ptis_,, wl_icll i rl\'_lvcs i_l_t'dStll'ill!._
[_t'twt't'il lh<' i'_lliltit_l_,ll <lrltl vil_rilli(irl<ll slilic's t_f lh_, <1_'1-- with ]dst,r ilitt'lll'l't>iTit'lrv th_, ]lt,t,--Stlltdtt, \'_,l_>_'it\'_t <l

lll_,.lli<lll I_l'titttlcl<_. 'l'his <_lllrl,c]t,l_t,l'l.',)'i_,I't'c'l>vt'rc'tt tl'_ln_ '%mi t<ll/t<litll_l ]_l,ltl' ,lcll_'i'_'<t i_>,11__'xl,l<>si\'c I_'lll'l.
clt',iclit',iti_li_ i_l ll_t' _,.,,c'itt,clsliitt's ai'icl li'<iiist(li'll_t'cl il_il_

<j;-,



'l'h_, pellet is _Ivent-prc,s,sed 4o grt,ak,r tharl t)59; oI"the f(.'mtalali(_ns aduall\,',_.Itpt,rform pure l'l,i'l'N, I\ laryv
llae_._rt,tical maximtlm denMtv (),Itlae spc'cific am()tln[ ,t_laltimintlm irl these f(wmulatit)ns reac'Lod with
I:'Ii'_TN/ a Iu mi nrl m form u lation, the cletcmafic.l prod ucts and prc_vMed adclitior_al energy

t\ similar setup is used to lneastlre the partMe veloci- from the exothermic reaction, As showr_ in Fig, 2, replac-
ty at the surface of the pellet as the reaction zone passes, ing 22 wt% of I_E"I"Nwith 5%tnaspherical altlminuna
In this case, the tantalum reflective surface is replace d by yields the same anaou|at of available, energy,

a thin layer of aluminuna fluorosilicate paint, and a lithi-

um fluoride crystal is used as an.inapedance-naatc!aing Discussion
barrier to hold the surface of the pullet intact long

enttt|gla for velocity measurenaents. Figure 1 illustrates The run distance of the charge associated with the
the experimental setup, results in Fig. 2 is 5 nam,' For longt2r run distances or

la_'ger charge diameters, the increase of tamping in the

Results . system provides more confinement for the reaction.
. This results in further consumption ttf unreacted alu-

Figure 2 shows a typical profile of tantalum free-surface irdnurn in the ft)rmulations with higher alunfinum conv

Velocity Fo_:various l)ETN/aluminuna formulaiitms. The tent and is reflected in tlae increasing velocity. After 2 Its,
nt}menclatt|re RX40AA to RX40AE denotes fl_rmulations the surface velodty of the tantalum foil for a formula-
with 5-, 1()-, 2()-, 30-, and 40-wt% aluminun_ additives, tion with a I O-rnna run distance and 1C)wt% alunainuna

respectively. Ringing of the velocity trace in the first surpasses that of the 5-wt% formulatic)n.
microsecond is due to rarefaction waves traversing with- Extending this effect to cases in which there is a sus-
in the tantaluna foil between free surfaces (impedance tatted shock via a piston driver or an overdriven reac-
d iSconti|at|ities). ,ion witla a booster charge, vve can effectively enlaance

In contrast to using large-copper-cYlinder expansion the reaction of alunainum with the detonation products.

techniques, we are probing the initial energy release of ' One would expect the extent ttf reaction t,_ increase as
the explosive and, .thusl the extent ()t alurninun-_ reac.- the confinc'naent and duration of sustaine d pressure
tion and contribution to the energy push. The velocity increase. Subsequently, the extent of the reaction will
profile from a pure PETN pellet,, pressed to similar den-
sity and physical dimension pushing a 5-mil tantalum Figure 2. Free-surfacevelocities of a 5-rail tantalum
foil, is included in Fig. 2. in this case, the data are cal- fotl accelerated by different formulations
culated fr, lm an experimentally determined equation cff of PETN/altnmirtum, t;or both the 5- and 10-wi'Y_ aluminum load-

ing, the metal acceleration performance is better than thai of pure
state for [:,FN. PETN, in fact, about 22 wt% of PETN can be replaced by 5-I.tm

Within the initial 1.5 _.ts,increasing the alttlninum con- spherical aluminum without any detriment to performance,
tent in the formulation above 20 wt% dilutes the available

energy. We assume that not ali of the aluminuna is heated
UF_fl)r the 30-and 40-wt% formulations within tl_is time

and that reaction with Oxygenated product specie'_ is' ,I.() -- ........ ..... ....mass- and therrnal-iransport-linfited. However, we note
that within the first 0.5 _.Ls,the 5-and 10-wt% aluminum

3.5 --

Figure 1. Configuration of the tantalum plate-push ' _ /' 7'

test for characterization of early-time _performance of energetic materials. This test is relatively simple

to perform arid is commonly used to evaluate new explosive for- _, 3,() ---

mulations for equation- Fabrv-I'er()t beam '_

of-,date ca Iculations, Crystal _
The addition of a lith-

' _ 2,5 _ RX4(IAA ['I,','I'N(t_5)/AI(5)
(lithium __ '\ / , ,_

ium fluoride crystal llt..idt, I,_ \\ // , 1... = 14X4I)AB I'1, I r,.I,g-)
allows us to measure sh(_t) I'tflisht,d _ :' "'_ ( )/Al(Ii)l _t _ -- -- -- RX4()A(' I'I:iTN(80)/AI(21))particle velocity, , sur/act,

I ligh shol) RX4IIAE I'I!TN((_(I)/AI(4())
explosive , l'urt' I'I(TN, 5-.mm rtnn distancv

t '1,5 _ I'tlrt' EIN with int'rt,ast,tl ]_t_

t 2-in, "" I

I i_J_ _ ,, I, ], I ,, I, I I I , ,b,lrrt,l 1) (1.5 1,11 1,_

li-rail Mylar slapl,er Tinlt' (liS)



Y;c'_'li(u#_ • I,##_'r,ccti('Mal(riltl,_ _t1111c"h_'lJlh_cd_l/Jllll('si_
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,,

i_c_,lkaim sl<li't It_dimii_ish ,l.<_lhc, inert,ase, in ctirll:int,- rc_lc,t_(lilt,tjli ,ldctitivc,s alld lilt'it I'att' _t rc'ac'lii_il ,,,villi lhc,
l-iii,Ill i't,,lc'he_i,i ix_ilat ai wl_ich dill:tlsitm anti [l'.<lllS]_Ol'l ct_.'t_ll,lti_ll I._i'tlcitic'laFIcltlxit/iziilg il-lt,ditlin. Irl the
Iiirlitatilms a!4airl cil_miiaat , 'l"hc,sc't.,XF>c,rin_c,i_tsarc, fill'- ftiltli't', Wt' will c'xic'ild t>tll' tlllcic'l'sL<lllciill_, c'tllWc't'llill_

rellilv beii-lg iilvesiigat;c, cl, ii'le c,ffects (_1_mass dift:usitm, l.l_,ll_ipel'iltl_ll'l.' c'tTects,and -

t\t this stage,,lhc, illft)l'illiltitH1 obtained fl,_>mlhc veloci- tillt"l't_y coupling on the expansilm gas.
iV 111t'aStl rUlllt'lll;_', ot lhc,d i fferL, l_1 I'I?T'N/aiLIlnilltinl f(_l'-

m.Lilatit_llSalk>ws tlS it) c,sliinatc, the,exit, ni and rate!of the 'l'his ?('(_l'/x (('ll$,_ll]_];(ll'[('d /),li liV('tlll()ll5 ,%lllJl_(ll'lillg[<(',q('al'C/I
illtllllilltlll'i 'l'c,,lc{iol'l..._tal'tillg Witla pLIl'e I'ETN, we a##dHie I )(,D ()1;t7('('(q'Mu_titi(u#:_.
il_creasethe alYIOUll[Of initial c!_emical t'l'lel'gy, /::;11,in the .......................
rc,active l:low code so that wt' match the velocity data (ii: *1IMX is _clahvdr/_-1,3,_,7-ielranilro-1,3,5,7-tetrazocinc,.

tl'li'l"N is 2,2-bisl(ililrt_xv)mt'thv1 I-I ,3-pi'tipal_et;li/d,d iniiralu,the 5-dl]t] 10-wt <; forlTItlia{it}l'l._. Wt' tjion calctilalL,, usi!lg
,l t!_ermoctyi_amicli_vdr(Iclvi_al_ic cclclesuch as TI(]IZR,
llle i.llllOtll'l{ Of ,'iltllTlil%tllll l'eactic)larecll..lirecltr) CIcc't)tllltt:Of References

[hL' il'iCTt.'ilSl.' ill chc'mical. UFit'l'gy. The calculatiolls illdici.i[o 1. M. I;ii_gi.,r, II. Ci. I Itwnig, Ii. I_. l.x,l?,died J. W. Ktlry, "lVMal
thai <l|-_prt_xhnalc,ly I 0()1.'X_TCL'i'IIand 85 perceilt ot the all.I- Acceleratitm by Cim_p<Mte17:×pliMvc,s,"I>r(_<'.l-'ifH_
nlint!ll1 rc'acted within 1.5 _.ls ill the ft)rnltlJi-itiolls c_ol-ltaill- J)cJflllllJlOll ,qllJlTp, (l'asadena, Calif., 1c)7()), p. 137.

ing 5 wt.9'<._31"id ICIW[</,' alLllTl,l'lLll'i'l, i'espectivc'lv. 2, ICR. McGuire, I.),Ii. t)rnellas, and I. iTi,Akst, "l)eionaiiim
Chen_istrv,l)it:fusitm Cioi_trtdin Non-Ideal I/×plt)sives,"
[JF(IIJ('HII)It'Sfllld 173'1_l(Isi_'('S4(2), 23-2('>(1c)70),

Summary 3. R.R. McClt.lireand M. I:ingc,r, "Compositl.' 17,xplosivesfor
. . Metal Acceleratitm: "l'heElfeel of l_)C,tl.matit._l;i

lt is OLIF g(ial to uI-idt, l'st_;il*id the different physical, chem- "l{'illperattlrc'," l_mc,/ff_,,hlhl)e/mlali(m<qI/m/J.(Sih,er
ical, and thermal mechallisiTIS influell¢ing the comple× Spring, Md., 1CJ85),p. l(lll'l.
kinet.ics asst}ciatc,d with composite explosive Systen'ls, in
the hope that we can tailor the rate _t: eriergy delivered ,
by the explosive. We have, briefly described exl:_erimen-
tal methods for pl'ob'ing tree ot: these mechanisms: the

i, ill,,,



'_,_'_[ltUI ,] • [ II_'r,,_l'll'l Aqzll_'Fial.qztJl_l t'/l_'#lth _#151/ll[/h",i';

We have used high-slu, ed and high-resohttion ,ticrophotogra-
phy to examilw the ignition aJut combustiolt of slnall aluntinuln
wires (25-76 tim in diamete,., 2,3 inn\ long) in water tllat have
been rapidly heated by a capacitor-dischalxe syste111. Streak
photographs were obtaim, d over periods of 30 to 500/ts with a
spatial resolution of 2 tim. The temperature of the wire was
determined as a fltnction of time by iutegrating the circuit equa-
tion with the eltelxy equation for an adiabatic wire and knowtt
ahtmintlm electrical resistivity and temperature functions of
energy density. We discovered a transition in the ignition and
combustion of the aluminum from mildly to rapidly sustaitted
chemical reaction with the water when the wire was heated

above a critical temperature within 1 _ts. The tr(%wring mecha-,
• nism for this rapid rem tion appears to be the collapse of a

vapor blanket during its first oscillation.

Introductiorl t,nergy is rt,ct,vert, d Ir_,n_ thf deaclix',lti_n _,f thf t,\citt,tl

status ,:lad [i',an,_li_i'l'nc,tt int(_ lr<ala.',lali(>ll,al killt,tic' t,lat,r_y

l'hc, c{)in[,ti,,di{)il t)l: rnc,tals, _,l.liIi ,1_dltlll'lilltllll, iri the in lh\, c,\p,lilsit_l) t_tlSh al l,alt,l' [inlt,s ([t,ll._ t_l lllicrt)st,t'-

prc,_t,ilct, t_t _,i_t,tltl.,-4and Iicltiict _xidi;/c,r,_ is i'c,lc,v,li'lt lt> tiliris). I;_li' t,x,_rnt_lc,, ftlr tli_dt,rwiltt,r ,lpt'_lic',lii_li_s ill

i_],ll_v disciplilm<,. I _ 'l'hese i'ili_i4c, trtlli_ iitlclc,dr i'c,oc'[{_r which t>l'_m_t-_tdc,li\'er\' _t lhc' available t,ilt,r£y iii ii'lr

_<llc,lv disc] il_dtiMrial il_diltlf,lcltlrii_£ Ill t:W_l:_c,llal_l and bubblt, c,xt_,'li_si{_rl i.<_n_t rc,tluirt,d, lht, ,lil.lll-lirltlll_ t't>i_-

c'{m_tx_.<,itc'-expl<_ivc'_ <_pt_lic'aii_m_. Irl lhc' fir._t t\\'t._ dl't'd_ tc'i_t iri typical c,xpl{,._i\'_, t'llrri_lilatic_i_£ t_,lll [.'it' d_ high a_
i_t ilitc'rc,M, lhc' tc,li-ii_t.,rdttlrc, c,iwtltll_lc, rt,c] bv tlw lnt,ial is 3() lt_ _:_ wt<:_..1

i_t_[ mtlc'h highvr II_al_ tlw rnt,liing pl_inl, and lhc' irllt,rat- lil <iii al_l._licati_,las, lhc' rrl,ljllr is._tlt,S ,'irt, lh\, c't>tit_lc,ct

titre witl_ water rt,stilt_ iri Lift, expIt).'q\'c, [_rt)cttic'ti/_ll (_f l:q't)c'Osst,s ()t cht,mic,_l rc,,ic'li_>ll bc,iwt:,C,l_ lh\, ,lltll_inlll_l

_tc,<li_l bt,c',_tl_t, t>l i,ll__ict ht,al tr,li_._fc,r ll'l_i'la lhc, il_tll{c,n ,lllc.t lhc, _\idi/.ilLq i'llt,ctitlm; \ht, rill\, tit t,rlt,l'_V (i,t,,, ]_c,,ll)

inc,{,i] ll_ \ht, w<llc, r. trilrl._ft,r; aiiii tItlicl ctviaamic_, i\llh_tigh lhc st:_t,cilic
li_ <'\pIc_ivc, af_l_lic,lii_,n_, sucl'i ,l_ ,lirl_l,l._tii_,q, cra- rl'lc,c'l_anism tt>i" stlsi,linc,d chc,mic,ll rt,,lc'li_i_._ i'c,m,_ii_.<-iin

tc'ril,!4, ,iiicl fi',_viY_orll,lti_li_, mc, lallic actcliti\c,s rc,act cltlt,_l.i_lll, ii i_ _t.,rlt,riilly ac'ct,t>lc,d th,ll fi',l_ll_C,llt,llilll_ iii

cht,mi_,lll\' wilh the, _xidi/t,r ,ind <irt, tl_C,cl l(i tailt_r lhc, lhu mlflit,il p,lrticlc, ,lllct c-Ii.<,rtilqi_l_ _t iilr _xiclc, Idvt'r ,irt'

I'dlt' til t'llt.'l'_V dc,li\'c,red b\' th_' t,xlg,ll'lSitlll g,.l_. M,I_ I]t,t't'.'-;.'-,i/l'y, Ii has I_c,t,i] s]itiwI1 lh,ii t_h.\,sic',ll i-Ilixirl_,z,_,i"

algol tl_lt,rrl_,ll-tr<_i_sp_rl Iimita[it_i_.,-, dc, tt, ri-l_ii_c, lhc, rc,ac- c,\'c,i_ ._tt,,_rll c,\tr>l(_si_n ct_t,s i_l_l lriggc, r ,iriv <ll>l_rt,ci,ll_lt,

litlrl i'<lit,_, i_<,t_vc,<,,_thf ,lltllllilltllll, ii_it,rll_C,cti,ltc, <>xicli/- chc,nlit',l] i't,,itTti{>l_ i.Inl.t,s._ lhc, t'tllllbll_iilm ttlnll_t,l',llt.irt, is
ii_l_ _t_t,cit,_, ,liicl ttc, i(lii,lti/lil t_l'_t_ttlcl_. l'ht, Il_rrrl,ititlrl ,lb(_vc, lhc, mt,ltii'l£ l_,iial iii its i,xic-lc,._," lla{, Iw_, ,irt'

(_1,litll-lliiltllll _,\ic.lt,, which i_ <iii c'\[rt,mt,lv t,xllthc,l'll_ic {_l_\'il_ti<_l\, related i1_lhc, .<,t,clilt,i_t'c,(li_t,\'t,il[_ tl'{_li_ l->l_ilill);

i't,<_c'li_i_ (.k/Ii, 2,s " I (_7_.7 kl/mt_l), i!ac"l'c,,a_t,_th_, tc,lh- tl_ e\pl_.<ii_>n.

]_c,r,iltli't, iii it_t, c,Xl:_,lnsi_n g,ls ailet clirt,ctlv il_fltlC, i_t"c,_,• 'l'hc, <+jc,cli\'c,<,<,t ibis sttictv ,irt, Iii im,l-_t, lhc, inilial

cti._tl'ibtiti_l_ _1 the c,cil.iilibritirla t:_r_Mtic't, rt,ac'ti_m tit mtlllt,l-i ,lltlnlil'llill_ with \vil[t,l', wiih_til ,l pre-

A._ tile, pr_ctlic'l g<l_ t,xl:_<lr_ct_,lhc, iilci'c!,-i_c, iii lht,rrrlill c,\isiing \'ai:_lm I'_l,lill,.t,l, ,li'icl ll_ illt>i_il_r lh\' slll_st,tltlt,rli
C,l_t,r_-y i_ i->,lrl.ilil_i_c,ct bt,lwt,c,l_ lhc, i_l,_tit_i_,ll an(I vibr,l- ht,ai [l'ai_l(,r ai-_d t'l_emic,_l rc,,ictitlll bt,iwl,l,l_ Ih_, l_.k._

li_ll,iI _l<ltt,_ i,f tilt, ctc,tlm,_li_i_ t_i'l_clticl<_. 'l'hi<, _tl_i't,tl fltiicl_. l'lw rnt_cle iii iilit,l',lcti_>l_ [_t,Iwt,t,ii II_t, illtlllt,i_

lll,/_ ,iiltl wiitt,r i,__ll _l:>_,c'i,lliliit,i't,,_l,

lfh'l



Experimental Methods incrt,nst,tl h, 1.7[_kV, witla <_nt,cluiv,alc,l_t t,_u,rt4y tlunsitv t_f
,1,45 M.I/kg anti _ wiru lt,nll:_t,r,at+tlrt,tri 27113I<,lhr, ,aiTq-Hi-

'l't_stuctv ct>mbtlstitln t_1:nn dltlnlillt1111 1._articlu with ,_11 ttlclu nnd pr, ritadtil tilt, V<llXWt_scill,ltituls inr'rr,ast,, whicl_
i_xidizur rnuditlna, wu tlsed a tinitluu Ctmlbiilatiun tsf an rusults in a transititm tu rapidly _t.tstained combt.zstion,
tlltrnfast laser naicrtlplaotugraplly facility 7 and a modi- Tilt, t'nt_st signit:tc_ant result t_l' t_tlr expurimt, nl was
fic,d alunainum uxploding bridgu-wire arrangement, the discovery of n transitiun in thc, tgnititm and ¢onl-

'l"hc, ex.pc,rinac,ntul setul:_, shown in f:ig. 1, is moduhar irl bustitm buhavitw tit: [llu systum whun tile wiru was ht,at-
design t:or t:le×ibility. A Nd:YAC; lnsur and an argon t,cl above n critt¢al tt,napurnturu, l'k,lt_w a thruslxHd
continuous-wave (CW) laser provide both pulse and tempurature t_l:abuut 20()() K, vt, ry littlu npl:_uars to hap-

+ dtt:fusu illuminntiun for front-lit, back-lit, and Sclalieren pun in the water surrotlnding thu wiru, I_utwut, n 2()()()
plltm_graplay. The same illtlrnination stlurce,,-; serve as and 25()() K, n sh_w chenaical renction nppnrently twcurs,

prube bc,nms fur spe¢trnl rneasurenaents, resulting ill an asynametri& vapor blanku_ ftu*bubble),
'l_lat.,shot rnudulu consists t_f a mutallic chamber with which oscillatus and Slt_wlv grt_ws. At 2b00 to 27tj3 K

four-way optical access and is capable of withstanding (the boiling puint of aluminuna), hn initial vapor Dian-
a cunfinud dutunation of up to 5 g tri:uxplosiw.,s, Wt, ket is ftwnlud, and whun lt cullapsus, a vigorous igni-
used a convuntional capacitor-discharge fire-set to pro- tion and ctmabustion evunt tlcctlrs, At still higher
vide tlac.'tht, rmal [,llL'l'gy {()I"heating up the alun_inum, ternperaturus, ignition and ctunbustiCm begin l_rtlmptly

Tlau conabustitua event is then imaged by intensified without any vapor blanket br,ing created. Triggering of
framing and streak cameras, with orwithout includint_ , the chemical reaction.by the collapse of the vnpor blan-

a Slgectrograph. This uniquu facility allows imaging tt_ ket is a new observation that has gruat; putential signit:i-
bu pert:t_rmud with spatial andtemporal resolutions up cance in helping us understand interactions of mutal'
to I l.trn and 1 ns, ruspectivuly, and water in b¢_tl_dc, liberate and accidental explosions.

'+Mac¢tmabustitm experiment consists of timu-resolved i'or combustitm uf alunaint_ln particlus in water, we
+ imaging ot:n cross suction of a pL.II'Oaluminunl wiru dl'O interested in extending the, results obtained undt, r

imnac,rsc,d in W,iter. A kn0wr_ thermal profilu is dis- ambiunt conditions to naore realistic c'tmabustion unvi-
clmrgud intu tlw wire, and the reaction between the alu- ronmunts, such as n laot, denso dc,tunatitua-pr¢_duct

i minurn and water is "struaked out" in time. lr:tom thu naedium. C'lose examinatit)n tit: the early streak rect)rds
currunt and voltage prr)files, we determine thu resistivity (1-5 _.ts) indi¢atus that there is a luminous shuath withi_a
uf the wiru and thus the tenapuraturu of the alunainum ;as the uxpanding, vapor blanket that has the same dinlun-
a functiun t_{timu. sirras as thu wire. Unlike rc,t:raction ot: the laser illumi-

'Streak images til the ¢ornbustion (if a 51-t.tna-diamuter natiun, this emission is unil:tlrna, indicating self-lighting
aluminum win: in watur are illustrnted in Fig. 2. Tlau within the alunainum. The ternpurature within this

triggurs for tilt, camera and timing fiducials are initiated region, ns calculatc, d trronl the changu in rusistivity, is
nl 5 and 2 _.ts,rusl:,c'ctivc'l)q ]grkw to the clischargu frtma thu well nbtr_,t, that of the, vapor point, lt is rc,nstma[,lt, to
fivu-set into flae wire. Wu dump the unc,rgy content ......................................................................
sturud in the' (/.XJ-_.tf:c'apacittw intu the wire wt'thin 1 _.ts Figure !. Schematic of the modular high-speed laser

and shunt the t:iru-gat9 in thu circuit to pl+(.'VI2llt rc,stril<,ing, mlcruphoiography apparatus.
This sC'Cluuncu t_t:evc, nts, in uffuct, mimics the, instantn-

nc,(_usl++lacunac,nt of an inurtiallv confined, St.ll.->twht'iltt!d, IIItimin,ltt,' v,It'Utltn/
nlunliilum nltlltc!n l:+articlc,intt/a mc!an t:iuM t_t:wa.ter and I uxl.ini.<+lI
thu subsucll.lent natmit(ugrlg til tlw rc,action betwt,url thu l'ulst, . ,

illLinlin.t.lnl and thu sHrr<.mltlndingoxit.ii/.in_ nlL,diLlm, I , _l¢'<,,,t,,i,,,.,,,,I

I_ --ll- I HhtltI_II--- --CW ' ,l lltl
Results and Discussion

At c)()()V, with an C,Cluivalunt c,nc'rg3, density til.........................................................................
0.74 Pvi.l/kg and a wirt;, tc,nll:_cwaturt:rtil 933 K, a Valgtn" ._i,ll_!t'v,L..............................................................

l:>lankt,tctmsistin_ tit" llydl+tl_,c;'ll and str!am ftWlllS ill+(ItJlld , _ _t II>i c'-,p
tilt., wiru I bis aftt,r t_,nt,rgvdisc:hargu, The, instability tit: Flint rll:r, lmu_ _1 #

this \'at-xlr blanl,cel is c!vidt.,nl,in tilt, t,scillntitm shown in l'q...l"_ I--------J_ .]
t:i_,,,2, l'llt, c,nlissit)n trtula within tilt, tlt__ilclt.lC,rogitm +.1l<l t...lu -
Intt'r timc' is l_t,tst.'If-lighting, btlt rilthc,r it is rt,l:ractitln til Mc'I' L _ I _ x't+trt'illtqt'r I:irt,ct,illii+l/s,ih,t,,'ilit0rhlck<;/

iilh'n_., (tq+i,I (tq+i,) tilitill/.',/d,lhi t't_lh'utit._tilt' la._c,ri lltl i-ni1ldlit ii1 th i't_tigh <leVlind ricai lt,ns t:t,;mud ....................................................................
lw lilc' \',lt:x_r blankut, i\s thc' t;'hnrging vr,ltill4c,is

I01
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and chemical reaction are ali being added to the exist- ' 2. L. 13aker, Jr., and l_..lust, ,qludi('s (!/MetaI-Wah'rl,_cacli_)lls

ing adiabatic ccmlputations in the wire-heating model, at I liy,h "li'nqwralurrs (lILL/\rg_mne Natflmal l,aboralory,
Chicago, 111.,AI:_C R&I) Repo):t ANIA_548 (IC;_2),

Ou_" ullimate _F)als are to obtain measurements of reac- 3. I_. I'}aker, Jr., and R I,iimalainen, "Chemical ' ' '' , Ixt'a L[l(_)lS_
tion rates and evidence of reaction meclaanisms at.high 'l'lic "lhqlJa)h)w ()I Nuch,al Reacl()r .¢,ali'ly, '1'."i"homF)son
temperatures and pressures. These measurenlents will and .I,. Bockel'it-y, Eds. (The MIT Press, Boston, Mass.),
eventually be used to develop numerical models ftu" the v_d. 2, chap. 17.

reaction zones in detonating composite explosives. 4. M. I::inger, F. I lelm, E. Lee, R. Boat, and 11.Cheung,
"Clmracterizati(m of Commercial Composite lixph)sives,"

r Sixth l)eh)mlli0, Si/mp., Si/<,(')'Sl_riu,,_, Md., 1976, p. 72_.).
This w()rl<_,,'ts slq,t,()rh'd I)y Wca/_(,ts Stlt)/)()I'ti11,,_Research 5, he. lVrolo\,, I: l'okhil, and V. I.ogachev, "Ignition and
a;at the 17)ol7)Office ()lMIIItitic)lls. Combustion of I'owdered Aluminum in I ligi_ 'lk,rnperature

Gaseous Media," t'i:, Goreuya I Vcry'<,a8(2), 212--.235 (1c.)72),
References ¢,. A. Belyayev,'Y. Frohw, and A. Kt)r()tkt)\,, "Ccm'lbustic)n

.and Ignition of Particles of l,inely I)ispersed Alurninum,"

. _ ' F'i:. C;()reu!/aI Vzry'<,a4(3), 323-32q (lk)(-)8).I I.. 1 aker, Jr., R. VVarchal, R. Vogel, and M. Kilpatrick,
5tudies ,.)IA/Ma/- Wah'r Rcacti()us at I-li,_,h'li'ml,('ralures (I), 7, A. M. [;'rank, "High-Speed Microphotographic
Argonne National Laboratory, Chicago, Ill., A F_'.CR&I) I.abt :'atory," 18111IIit. Con,,,_ressI tiy,h.-St)eed I_hoh)y,rat#ly2,S,S,
',_ep6rt/NN L-()257 (lqe)l). aml Ph()h_,ics, Xim), Chiral AIl£,llst 28-Sel)h'ml)cr 2, 1_ "
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5_'c'li_,ts5 • l:)terx_'tic Mat_'rids a#at ('la'mi_'al Sz/ttlh_'si,,-;

()pi:lcal 5_udies of HI. _,_,t_re_,;su.....:_"_'•
C.[1e m istry w. th :_._la DI.a:l:no ndA _"_vi [ (....el [,

Coherent anti-Stokes Raman scattering has been used to
probe the reaction chemistry of rapidly reacting nitromethane
within a high-pressure environment provided by a diamond
anvil cell. Time-resolved, streak-camera records of pulsed
laser-ignited reactions show that different pressure regions up
to 37.0 GPa have a different reaction chemistry. Deuterium
kinetic isotope effects suggest that this chemistry is very dif-
ferent from the simple gas-phase reactivity exhibited by this
molecule at low pressure.

Introduction greatc,r than 1()(.;l'a _\.,_.?ra few rnicrosec_.mds, Ii is antic-
ipated that these studies will t.lltimatc,ly yic,ld the e×peri-

'Fl'_c','-;iudr _f the' fundan'wntal reaction cl.wmistry assn,:i- mental data iiet'det] to deveh_p an irnl.wtwc,d rnt_del t_t:
ated with lai,'4hc'xt,hMvc's and the relatit,_sllip _t these the l:,ert:t.'n'tcll'we_t ru.,w enc'r,W.'ticnl_ltoridls alld [_ t)l%'-

details t_ the :nacr_sctG_ic tlwrrnodvnalr_ic and mec'hal_- diet 1.',rol:,ertiesrelated tt_sensitivity and safety.
ical t wol',evties in\,_fli,ed in a dvttmati_m is a raFiMIv 'Flwn, are, luwvever, many dil:fic'tllties with the eXlX'ri-
de\'el_)i',in,u , field ai I.,I,NI, and ()ther laboratories m,.,ntal enviror_rnent implicit in clttc'rnt:,is t(_study these
ll_n_ucluult the w_wld, 1,2 This ¢lwmistrv _wcurs at tem- chemical svsic, ms din.wtlv, I,]xpl_tsit,'_s and ctot_m,-iti{u_s

pc'mturc, s t_fseveral tn_u sand kelvin and ,at pressuvc,s areussentially single, events, typically destrt}ying ne,_rl:w

............................ ..................................................... :.................................................................................................................................................... ...................................... i.......................................

Figure 1.

] A," I,,svr t ' il,l}-,,mslit
Schematic iii lhc (l"(w i'tlbV [Itltil't%t'Oflt't')
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where relewlnt. 1121t,,,,<,i<<,,_] ' I I l<,c,il h,l,pil_Neulral-deilsily fillers I cl_ritrtlllt,r " 7 ii. , IIIII

ale them Iii avoid I 1211 h\' I.!:i iii, ,_._tjIlill --d,lln,llge lo lilt, dia- I I'il]*,l, Nt.llll',ll-
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diagnostics or probes c,mbedded ill samph.'s. Als(i, system is o frequency-d(lublect Nd:YA(; laser thai serves
there is ilo stable sample lendirlg iLself to the conve- as a I()-ns-hmg, pulsed lit411tsot.iter Iklr tile 532-nm
riierlces ot: signal-averaging tt_,cllrliqutls. In addition, at CTARSpurllp be,anl cirld cis the optical I:_t.lrnps()l_lrcc,t:or

. variclblesany point in the isilnlplC', State such ilS lelill.'lt_'l'" I;ht:'broad-barld dye laser.
ilturv, r_i'eSsLlre,and density are evolving rapidly tinder These two bearrlsare c()rrlbiiled and t:()ctlsc'd to a
conditil>ns in which ill] eqLlatiorl of sltale relating tliese (_.4.-I.Im-dianleter spot within lhc diarni_nd anvil cell.
variables is not known. 'l'he CARS ,_;ignal,rc,I;_rt,sent,:ltivc' o1:the c-arbtm--niir()gvn

'Fhc,tirllc_scale of the chemical events suggests.tllilt bolld in nitronletharie, in tills case, is spectrally dis-
laser spectroscopic probes may provide a way to gain the persed and recorded ()11a vidic()n two-d illlC,nsior_al
desired iilt:t)rrnal:it)n despite thvsc' dil:t:iculties. Althougll detector. I:,'igtlre 2.shows. the restllts obL4irled t¥oril a
many serlsitive spectroscopic techrticlues can beover- single 10-ns pulse. The sig'rlal-l(i-rl(lise ratio llt.iilr 5()
wllelmc, d by thL' bright flash emitted directly t:ronl the indicate._ thai tills technique is suft'iciently .,_ensiiivv it)
reacting .,-;anlplt;,, [hL, dL'vc, lor)lllt_'n{ Of nOlliillc, ar Ranlan lllonitor nitronlt, thailL, reaction kinetic_s,

I:echniques and inlprovc, nlerll.s.in pLllsed laser Systc,ms We il()W reqLiire stinlt., Inethod (ii: igniting tile samph.,
conlbine to offer an optical diagnost:ic, coht_Tc,rlt anti- \,vht)se reactivity is to be studied. I-Turther, the spatial

Stokes Ranlan scaUering (CAI,',S):3fllat can overt(rule characteristics of this ignition process iliad lhc stlbse-
nlilily 0t: these complications, 4 quent t:lanle-I:ronl propagalioll bc,llavior nltlSt bi.,well

cllaracterizvd. We have designed a t)ulsed-h'iser igni-

Experinlental Method tion schenle, which, wllen observed with a streak cain- .
oi'a, provides this infornlat.ion.

Our appr_>ach lo sortil)g the important reaction chem-
istry l:rolll the experinlental complicationsuses CARS Figure 2. Single-pulse (JAILS spectrum nf

to study tiny controlled "nlicroexplosions" caused by (ai nitrimlelhane in a diamond anvil cell al

pulse, d-laser ignition of nitrcmlethalle within tile con- 11.75 (;l'a, and (bi lhe diamond iri the diamond anvil cell, depicting
the nonresonant background scattering Ihat shnws lhc speclral pro-

finc, s of a dicinlor_d anvil ,:ell. Igy conlbining this very file of the dye-laser pulse used to produce curve (ai. l'ulse energies
serlsiiive spectroscopic F_robe with ii sanlpling method are the same as thnse indicated in Fig° 1.

that can statically generate very high densities, we can

sti_ldv the' reactivity c_lenergetic materials under condi- r
tions thai mimic many ot: those prescult iri a true deto- ]
riat.ion v_,ithoLltmost ot: thL' technical difl:itulties.

l

CAR..qprobe.-; ihv freql.lencic)s (1t:the rnolc,cTl.llarvibril-
li(ms thai ilre charcictL'ristic of individt.lal or grr)tlp.'.4 (if
b()ricts. As a c(mseql_lence,tile, illtvnsiiy ot: the CAl,,< sig- 3iili -
nal ill d Sl-wcific trreclLlency rvflects the c'()nct.'iltrilt:it)ll ot:a

t)articLil,:il: m(llCmtllclr species, bi_'i1:initial reactive, c,ner-
• )<(.2)getit nlaterial, interinediaie, or final prodLici. C.Ak, ha,<_

special advantages for our ]."lill'pl.)sl.,s thai are related 1o
its applicability as a single'-sh(it probe--with(lut the

',#5

llC'c,d l;(ir signal avera,gillg--and t(i its established capa- _ 21)ii
bilit:ies in cterise Ctlld turbult.'nt sample envir_mments. 5 _,

The:diamorld anvil cell tlt:t'ersa tlniqtle, erlvirt)nnlctrll, m
for thc,stl_idv,.,_>t:high explllsives. Within the small sample,

) I/lreCIlt cateu betwec,rl th_.,faces of iwcl gern-qt.lality dia-
i'llt)nt]s, t_-_ressl_lrL,siis high <is2()()C,l>ahave he'.en generat-

c,cl tin [llt.t lab(iratory bellCll. I:' Thc, pl'l.,SStll'eS vlresent ill the llili .--

re<lction regitm irl a delonatillg ext.->lt>sive(10-4()C;l>a)are,
theret:orc,,easily accessible with those calls. The dianl()nd

, anvil cell adds the particular advantage of affording ii
clear (G:_tic<llpath to the sample t¥om D,.v(isides of the call.

Chemical rc,actions, phase transiti<,ns, ar,d n-lixing __i__}.lherl(inlc,na can be studied directly Lisin<u,(iptical spec- ()
trt)sC()])i¢ dnd Inicr(isC(ll:_ic technique._. The optical hli(i I(i(i() I..1()() ISli()
<lrr_lllgL,nlc,llt tlSt.'d [() gt.'l'iLTatO;1CAR,q signal fl'()nl I,_,ilndl_sl-iili(crn i)
nitr(m'iet]lane is sh(iwn in Fig. 1.7 The ftlLlllc.]ati()ll (if the

i (J,'/
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"l"wi_ typical streak-canwra, rectwds, at 5,3 (.;l'a axial validity t_l thr.so argtlrnt,nt_ (',_n be a_certaint,d tl.'-.;ill_"(he
:.34o C;l'a, are presi.,nled in Fig. " tht,_,erecords sh_v,.vthe st:aectrt_sctq:qc(.:AI,_Sp!'{4_ede,;cribed ab{we.
time ev_4ution of the optical translnission i)rt_perties of q'he reaction-I:rt}nl prt_l:_aqatit_ntait, for
nitrtwnethane following ignition by a l()-nS laser t:_ulse, nitrornethane-,_/:_ is ,llmt_sl a factor c_t2 sl{_'vverth,l,.
A reaction l:rtmt that t.m_pagatc,' symmetrically and at that for _rdina I'3, nitrt_rnt_tl'l,_no. IKinel:it' ist_topt, t,l:lt,cts
c_nst,lnt velocity fr_m_the ignition pOil'lt iFI the center t_f stlch as this are ['[)]11]]1[)II1 in a v,_riet\' t_tor qanic reac-
llu., samt:_le is a strong l:unctitm ot the sarnl_lt.,prt,ssurt.,, titan rnt.,cl_,_nisrnsand l_,_\.'t.,bt,er_ idenlifit'd in llie tl_t,r-
. .m_lvsis of _)tl__,rt_,xph,_si\,t_,s,s

Results and Discussion This effect t',_nb!:,tlsed to hel t) intevWet the nalure t_t
the .vate-limitirtq step in i.'llC()lllpliCi.l[ed ,|,criest_t I"(I,{]['-

The reaction-front prol:,agation veltwilies {_t"r_itro- tic,ns: Ik_r exarr_plt.,,a rr,act|tru whose rate-limiting stet:_
mt:,th,_neand nitrt,'n__,tl_arw-_t:{are pl¢_tted in Fig. 4 as a c_insist,st_t:breaking ,-fcarbon-I'_ydro,qen bCmd will
function of initial sample pressure, Tvvt_,qeneral pre,,.;- exhibit, tlit,tweticallv, a I_ydrt_qt,n/deuterium react|Cre-
sure regimes can be identified. At. less than 20 C;l_a,the rate ratk_ that is greater than 1.41 (pri_nary deuterium
|:m.'sstl|'edependence of the burn front is essentially a ist_top_2eft:ect).__I_,-,t"a reacti{m step tlaat is nt_t as easily
linear functicm il_creasing with pressure. The reaction described as simph., bond breakinq, ratios.sornewl_at
product,; are ,qasesthat vent the sample confi]'terner_t, less thctr_1.41 are typically oL:_servt,d.
destr_ying the steel sealing gasket. Above20 (;IYt, the The large hydrc_gen/deuteriurn raLit_,,xhibiLed here
burr_ fr_mt \'elocitv increases rapidly, and above 30 (,F'a, suggests |haL, in this case, breaking the carbon-.niLrogen
it i.,wins to decrease, The reaction products do not vent b{w_d is indeed crucial to tlw overall enerqy-releasing rate
the sample area, and they appear as a transparet_t, fluid t,xhibitt,d by nitrornetl_ane over a wMe pressure regime,
when _,,bserv_:d througl_ a microscope in the regi()n

greater than 20 (]l'a, SLllllmary
These results _uggest that the overall react|tru mecha-

nism switches from tree that producesusual combustitm "l"laeinitial dec_mposition step t_t'an energized, single
product gases ,at lower pressures, such asN 2, 1-120,and nit rtmaethane molectlle in the gas I._hase is along a
CO, to one that in some way is prevented from produ_: I- patl_way that involves htm_olysis of the carbon-nilrt_gen

ing these energetically preferred small molecules, The bond to t:orna CIi 3 and NO 2 radicals, In the Condensed

Figure 3.
(a) (b_

(a) Streak-camera

record of laser-ignlted

.deflagration of
nilr.metlaane at 5.3

C;l'a, The reaction
front can be seen as a

disturbance on the
vertical lines caused

by a laser speckle pat-

torn illuminating the
sample from behind.

The y ,axis is 4.8 H,sfor
the full lengtla; the x
axis is 0.11 mm.

(b) Streak record at

34.2 Gl'a; the y axis is
1.0 ps full scale.

-I/it.
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phase, the situati_m is 111tlch 111(_r{.'c_mlplicated. Figure 4, Plot of the reacLlon-front propagation rate

BirlloJectlJar reactic,n pathways that involve breaking as a function of pressure for Illlromethane'

cal'bOll-hvdr()gt_ll bonds I11L1S[['_0ct)ilsidL, rt,d ()til" and nitromethane-d3,, Errors in the pressure measurement are frnm
" " ' slight inhomogenelties within lhc diamond anvil cell. lh'mrs in

l'OsL'arch has sh()_A'll. [hat these |]I{.}|'L'coml:,licate d r(,ac- the propagation rate are due lo the overall quality of the sLreak-
tion mechanisms do play an important r('de and rnflst camera record,
be u,_,derst_od berlin., chemical reaction kineticscan be

i,lcorporated effi.,ctively into future performance and 12(,- '--{Ii!--'

sensitivity.models, for high explosives. ,,_('l I ,N(_ . I_.3_.-d, _]_--'

'l'his work _,as stq_t_wte_l I,y Wi',pons ,9Ut_t_l_rtiltg I,h'scarc'h, _.
'_. 80 -- t.[_--i
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The syltthesis of ueTu elteJxelic materials o.ftelt involves tlte
development of new syltthetic procedures. In prepariltg several
ilnportant target materials, three-ew reage_tts for i_tcorporat-
ing _titro groups iltto oIxanic inoiecuh's were discovered. These
1few reagents include the use of dinitrogen pelttoxide (N20,_) in
100% nitric acid, ilt trifhtoroacetic anhydride, arid itr trifluoro-
metham, sulfonic acid anhydride. These new procedures, broad-
en our general knowledge of nitramine chemistry attd will be
especialht use,htl in the synt!tesis of many ettergetic molecules
that had prevloush! beeH di[ficult to synth_size.

- "" oria,

Introductior_ n_{quctllus ftu' s\,nlheMs an, sc,luck,d {_n[hu l_,_sis{_1t_n,-
dictud di,nsilit,s, hual.__1 t_u'na,_li_r_,staMlitv, an_.linilia-

llw tw_, t,ril_arv _4,jec'tivus_1this t:,r_jec't,ire t(>de\'c,l{q_ [i(_latmq_urtius; and s\,ntlwtic t_,ltlw arc, Ihc,nduvi.,,ett an_l
(I)a new hi)_l_-_,nerg.ynaat_,rial t_ replace I IMX ", and stt_dk'd. LInc'urh_inlies in esIilnak'd d_'nMLvand heal _1
(2) a lwW insc,_sitive t,xt_l_si\.'t, [{_replace "I'A'I'I';t, We aru I{,'laaati_mcan ,_l'fectpredich,d t:}t,rl'_wnl,lllt.t,t',ar,_mutur._,
aimi_G l_whiql'wrenurqyC_Ultel'tlwhih.,maintaininu,,qt_{_l "-4tlch,_sduhmaii{mveh,wilvand l._l't's.',.4tlrt',bV ,lhIntlCJl,1.4

tht'r_walal_d_el_iti\'ilvlw_l_c,riie_,l_w,'ardLhis_,nd,nuw I()i{_15';_."ITws\,r_thc,tic,r{,_h.,st_tl_t,sc,new _n_It,ut_It,s

Figure 1.
_ I I N( _., _ _,N N(_,

I I I I
mah,rialsf.rsynllii,- N N ' / "
'.i_ research, t / ( }

N "1 N' N j-" N
N I I I II
"4(_, ' t _,N Nt), _.),N Nt),

,,,_,' N(,I (,i_., N(I IIi Nc),I'

_N "" N N "_'_ N N
I I I I I

t _,N Nt_, _ _,N N_ _, (_,N I
N_ _,

I:U_v,.h,-I INIX IIMX ILK-%

N --.__

--N( _ (},N-- N N '--N{ _ ,--

N "_'J' ...... N
I I I I

t _,N I ( ) > N{ _, _),N N{. INrl,

1..:_7 I)i I<1_\ k!,_,

ILL'.,'



idten trlvcHvu tilt, duvc, lc_pnlunt _t: new syntl`iutic prcf(,.,- I_ut,.,rucvc'lic' rinl4s, l!xam[,h.,s c_l'il_,.,nuw targut rnaturi-
dtlrus, Thruu sud'l i:,rc_cudurus aru dc,sc,ribc,d I`iuru, als v,,l'ic_sLsvrltl`ic,sus aru cc_nlt-_lc,tu _l" m.,ar[_, cc_mt._lc,Lc,

(alurlg with the strtlcturc, uf I IMX) arc, slltw_,n i,n I"tg, 1,

Results A Svntl`iusis I:,r(fl,h.,marc_,,-luin c_ur w_rk ¢_ndinluthyl
di-Rl)X:l whun 1_¢_c,c_nvuniiunal ruagunt was lc_¢lndtc_

Iri the arua cii"nc,w high-urlc, r_4ymaturials, wt, st_ul4hi c'cli`ivuri ihc,,diacutyl durivaiivu t(1its diniircl analog (l:ig. 2,
rl'ioh.,¢'ulc,s that arc,similar tl_ I-IMX in rl`itllc,cLilar str(lc- Eq. 1). 'l"hu c'tlllVc,i`iticlrlal I._i'oc_c,c-lurt,suiihur 7,avr,11orc,ac-
itli'C_ but corltaii`i srl`ialler huturt_cyclic arid ttisud ticm cir rc!sLlltect irl clc,ctlrnpt_silitli`i (ii iiiu SLibstratc,, 'l'hu

. c,c_ilvc, i'_,ttlil t'_i'(_c'l.,c,clc'dsuccussl'ully with the,cisetit' a i_l.,w
Figure 2, Effect i,t'a n'ew nlirillysls reagt, nl, I_litrc_lvzing mediul'll c.'twi-IlgClsc_clof c-Iilaiti'()gt, la t_unt(_x'idu

N2C)511tN{;)31TI:AA; {m the yield ifr the (N2(.)5), 1()(}% nitric acid, and trifltlc}r{lacetic ailllydl'ic|c,

dt.RI}× lntermedh_ie, (TI;'tXA_). 'l"hi_ i'c'i.`i_t,lll pl'C}dtlcX.,d ai`i 8._% viuM (]1:ii Ilt'arlv

t'CX.'l I _ Nt_., pill'( _ pl'oCltlc'{ that SC,loaratud tl'(im Lhc, rc,aciic_n nlixttll't, <`iS
] I aa uasilv iscllatud while, ptv_.vder.

, l'c'sc'al'chon the synthesis cii'bicvclc_-I-IMX. 'Fhc, nuwN2tl,_/llNt_ TFAA (<,q.li nitrtllysJs l't_!il{4c'i`il N2C)5/I()(I<Tg.nitric acid/G'l-'AA cell.<ld

t) c..l Lhc,tl'lllttl'olTIc_l`iOa¢c'lVldurivaiivu, htiL yields wuru

/_ l`ieVC'l' gl'C'att, l' (Fig. t;!c1, LISt' prt_pi-
N/_""N NI_"NI orIvI c-lc,rivativc's in piace, iii' acetyl durivath, us i_rc_di_i(ud

L /.... j L /...J a remarkabh., il`ic'rease in .yl,qcl (>0()%) will, the, san, eN ,1 nitrc, lysis reagi.,nt (1::i/4.3, Eq. 3). riG`it, dc, vulopment of '

[ this kuy step ever_tLlfilly led tu thu %,nthusis (_t ihu
ctx.l I Nii., iiTipclrtai`it tar_c,t material bicvclc_-HtVlX,

A thiM nitrolysis rea_t_,nlwas duvul(H:>c,dltir thu final
Ileat4enl Yield step ii`ithe svnthc,sis ut:K-5(_(Fig. 4, jl:_q.":1).C(invt:rltJl._l`ial

I tNt.) < I)uc'_>mt"_i_itiun I`iili'olvsis l't;,fl_t,l`i[_ WL'I'O either incfffc, ctivc' c_i' clc,strovl2cl

N2t)=,,tlIN(), l)ucc,mp<_i tin tl_e bier(lie I'Jl`i_ sysieiTi, l-lowever, the clsucii:a l`ilixturc,I IN( ) ;" tS('-X) Nl_ i't.aclioil - -
II\( ) ;ITFi\ik !)utx,n_t_t,siti_,i_ c_t N2() _ arid 1()()% nitric acicl in t.riflut_rcmlelhanesl.ilfonic
N.:( ><_/Ard.) <-.Ill<J;viuld acid al'lhyd ridu (TFMSAA) scicc:c,sst:clllyaccclmplishecl
NC_:,.I'_1{I N_, rua{'Liun the' dc, sirod i_ilrillysis in about ,1()_,'/<, yiuld, _ivinQ, thu .tar-

N:!t_./I IN() JII:AA :-.HS'.';vk,ld _ut j]3atc, rjal K-_(_.

Fitl.ii'e 3,
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In sunmlary, we have developud tllree new tech- slmtlld be USeful not only tn Fm.,paring adclttitmal expl_-
nique s for the syl;tllesis t)f the nltramino group, t)puning sire target materials, but alst).as c'()nVelliellt [Ol)lS in gr'II"

the way to a family of new unergt, L-tcrnaturials that arc, ural organic synthesis,
otherwise unavailable, These new syrlthettc pmcedui'es

This researc/I was slq_pm'ted b,I/Weat_ousSllpl_ortil#N
Figure 4, _ Effect of a new nllrolyMs reagent on the R_'s_'tlI'c']I illld t]l_' _/#_'lllJUllS I_rogl'clHI; tllll[ b,l/Ih_' Dol) ()ffii'e

yield of K-56, {!['Ncl_,alResem'ch alat (_IltM'_![:MltllitioJls,

o_1'_ CtK"l I 0,_,' NC_ *1IMX is octalivdm-I,,3,5,7-Letranitn_-! ,3,5,7-tetraztwiHc'.
t _ " I '" i'TtVIT_ is 2,4.(_-[rinitro-l,3,5-bt.lzenetr!amtnv,

(N_N >N cN_N_(N :II_l)Xlshexah_,dro-l,3,5-trinttru-I,,_,,-lrlaztnt!,"

t) _ _ (t,q, ,1) §Willie the list, of N2Os/lf)0% nitric aclcl/'l'l;AA for lilt., nltrol-

'N slaould be used with catltlon ulllv by chenaisi!i wtth
' I ' I ellCe i1.1llaladlillg expltMves, 'l"l'it,re'wert, two t,xphMtms tit.ir-

l [W(.)_ I NO_ ing our expt'rinaent because of the buildup t_t' trifl'utu'oac'tdvl(3_N C)_N . " -
- nitrate, an explosive liquid, Safe laandling procedt.tres cata be

K-5_ obtained fmna the authors,

Reagent Yield

I INt3:_ / Ac:,.O Nt_ rt,actic, n

N:()_ ill INO._ I)t,ctmap_sttitm

N()lJI! I N'a rt,actioI1
11NI,.)3/"I'I:A A Ntl rt,,M lt_n
I--INO-_/TFMSAA -,lli'>;, vivid



We have prepared 20 nezv gold compounds that use the trtfluo-
romethyl (CF3) group as a ligand. This article describes syn-
thesis of (CF3)AuL (L = PMe 3, PEt 3, PPh.3) from LAuCI and
(CF3)2CdoDME*, These linear goht(1) compounds readily add
excess halogen to form the predomittantly trans, square-planar
gold(lH) dihalides (CF3)AuX2(L) (X = Br, 1), while addition of
CF31 leads to (CF_)2AuI(L). Treatment of (CF.3)2AuI(PMe 3)
with (CF3)2Cd°DME iii the presence of excess CFfl leads to the
fi_lly trifluoromethylated species, (CF_)_AuPMe 3, These new
complexes have been completely characterized by _gF and !H
nuclear magnetic resonance (NMR) spectroscopy.

Introduction Tlw lt'l' NM 1,_spr,dta _t tht,se cCmapt_unds ,art, tit.lilt, t'har-
actoristic: ali tlaroo coml:,h,\t,s _,xnibit cloublots 30 ppm

I:luortwarb_m- ntqal sigma blinds art, gt,rlt, rnlly rntwt, ttpfitqd t,f C'I:(..'I_,with pht_spht_rtis--fltit,rilat, coupling
robust than the ,an<_log_us lavdroc,ar'0t,a-naotal sigma ct,nstants; of ablaut '1-5I lz,
bonds; thus, wo anticipate thtat mc,l,_l ctmapIt, xes ctm-
t,aining tlu{,'tw,arb(_n lig,_lacls will oxhibit c,nha'ncc,d thor- 2C'IAul. + (CI:;02(.Ic!ol)MI( ....> 2(Cl::Oiktll_ + (.,d('l 2 (I)
real stability t?tH'IT[3OI'LW[ with their laydr_warbtm-lig,_ted
,analogs, wlaich wt)ttld c,xpand their t.L,;c,ful temp_:'raturo In c'otatr,_st tr, thoir mcqhyl ,._la,al_gs,(Ct_';Oi\ul. clo,_nlv
rarlgc,. /\ltht_ugh tlw first tritltlt_rolawthyl (C1._3)dorix.'_- ,addsoxco_;,slaalo<,qun(X2= l:h'2, 12)t_ form ((._I:3)AtlX2(I,)
tivo t,f a transition molal w,ls ropt,'tt,cl twer 3() yt,,ars Iliq. (2)1, (;'t_mparist,as t_l:tho iww (('l:3)AtiX-,I,. with
ago, I svnthc,sis ,ind studv t_fsuch ct,aal:,lt,×t,s laavo bi,on their mt, tlavl ,alaah_gs aro t't_t p_ssiblt,; indt,t,cl, simple

limitc,ci.2 This may bo due, in part, tt_ thf paucity t_t:tri- mt_nt_all<),lgold(lll) CtWI'IpIt_'XUSO1T'tlnkn_wn, "l'hc,stltl(ll'U-

flut.w_mwthvl,ating rt,,_guntsavaihabh_,, planar stt, roochomistry t_t thf dilaalidos is iwodt_minantlv.
While tlat' synthotic clwmist may clat_ost, hinting Ii'tillS,with [.qaosl:q_t)rtis.--l:lt.lorint,cotlpling c._,nst<_ntsirathf

(;rign,lrd rt,agtrnts, mt, tlayllithium, dimc, thvlzilac, t_r 75- tt_ c)[)-IIz range' in lik, lUl;'NMR spt,c'tra.
t,tlat,r c'_ nrn_m ,alk\,l,_ting agents, trillutmmaotlavl
,inah_gs ()t thr,so staradard rt,tlgt,rits ni't, tritht_,r tlnkl_()wri ((_,l:_)Atll,-t- X2(t'XCt','4S) ....((71"3)/\tiX2(I .) (2)
t," intq:ft,t:tivc, in flat, t:,rep<_r,_titm of transitit,a-mc, tal

, ct_mi_t_tlr_cls. /\s part of t_tlr studios t_iaGold alk\,l c_ln- Synthesis of (CF3)2AuX(L), ()Lit' first ,atturnpts tr, pro-
t:,_tln_:ls,_._'c'sc,t t>ut to svnthosizc, tho rn<m_-, bis-, aim t_,_r_,,_ bis(trifltlort_mt,thyl)g_qd c_m_plt,× utilizt,d thf
tris(triflut_rtwnt,thvl)gt_ld t:,Iat>sphint, t:tlml_lt,xt_,.,.;, cndmium rr,ngl,ni ,ll_d yt_lcl(lll)[grt,t'tlrs_.)rs, [_ut rt,stlltt,cl
((.?l:-_)Aul,,(('I:.0Au(I,)X 2, ((Tl:3)2Au(l.)X, aim (CI;;0:_AuI,, in rt,ductit_n to ((.'l:-0Aul., l'tlclclt_'t:_laatt_rol:xwtud liar,
,ind invt)stig,_to tlavir physic',al and chemical prcG:x,rtios (irrol:,rt_duciblc,) twol:_aration t_l' (('l:_)Mt'At.il(l'Mt,:0 t:rt_m
vis-a-vis tht.,ir mt.,tl_\,,Inrl<lltlgs.I Wo have; titilizod a \'nrl- tlaori,<_t_xit.l,ali_,.'c,,ac:lditilm iii CI::_I{t_Mt't\tll'Mt'_. Wt'
t'iv t_f t._host:>hiiw(I ,)nild hnlidc' (X)Ii,c;,_ncisiri this v_,lli'k h<ivt, t,xtt,l_dod ihi<_,-it_pr(lach anti find lhi_t mc,il'ivIorlt,
ttl c,xdnlilat' IIli., t.'fft,ct iii: rho ligand t_l-ithc' rc,dc'iitll] c'lalt_rictc,s_ltititms lit ((.'l:_)Atil., (I, :,: I'lVlt,.-_,l'lil ._)i't,<lc't
]v'i_t]ticls, with C'l:.ll at 5(1<'(.' i_ gorlt,rnlt, ((.'1,'3)2t\t11(1,)Iliq, (?,)1,

Results and Pisct_,ssion ('l:-d\tll, .i (_'1,':_1---->(('l::,,)2t\til(I,) (3)

Syriihesis of (CI:3)Aul. Wt' hnvt, I:l)tincl lh,lt ,l gt!llc!r<ll 'l'hc, rdtt, til ,_dcliiit_i_ is strtlllgl), clc,lX,ntlt,i_l t_laII_t,
t:_rt_ct,dtlrt,lf_lr i:_rt.,l_ai'atit_i_i_l (('l;.i)/\l_il, t'lli-rllX_lirltts n<lttlrt, tU thr, i_l'u_sl-q_int, Iigiincl, 'l'htis, il_t, i',lti_ t_t iht, tli_-
invt)lvt,s Irc,,alrnt.,rlt()fliiu i-qlt)s[qairw halidt' c:/)rnl_lc'x ,_l_tx,ar,_ilc"c,I_,llt-Iivt,s It)r (( 'l"._)t\til ,, / I/2(1'1\4t',)/11/2(I 'l';i ,),

, with (('1:-_)-2('c.l, I)M I".in mt'iilvlt.,iit, c'l_lt)i'idt, I I(cI, (1)1,

¢11
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was found Lobe, h()0, N(_ ruactl_,l at ,111wns _._bservud Iggtlrc, 1 slu._ws a well-!.;__,t_ar,lludd(ullfl_.,l (_f qtlnrtc, ts

with 1, :---1'1'1% Tlu.,su re_ults suggust that the st(Mc .al .....'22 t.',pm with _]i' 4:.....7_)I Iz and 4]1,, i; :-: _,l i I;,'.lhat
bulk _t tlu.' l._llost:_llinc,ligand i_ an impc,'tant fact(_r In v,,t.,as:,ign to the trtfltloromt.,thyl ligand tr, lls t_ thu
dt_,terrninir_g thu rat_.,(_f the oxidative adc-litic_n ruactlm_ trtnu.,thylpll_spllinu gmul:,, I:igure 1 als_ slu_ws a ctm_-
slu.",wrl in IkI, (3), Thus, the small_.,sl of thu thrum.,lift- plt.,x pattern that ma,¢ bl.,fit t_._an (uxaclly)ov_.,rlal.,pin_,

' ands _.,xaminud, I"M%, uxhiblls the fastest rate, v,,hth._ dottblc, t of quart(,ts wil.h :_]1'.I;:: 1 _-,I.Iz nnd '1]1:iI.'::-:_q,I I Iz
thc, largest ligand, I:'l'h2,, ccm_ph.,tc,ly inhibits the addi- at a clu.,mical shift (_f --2(_,3f_pm, Wt, assign this sp_.;ctnll
Ilion t_l'C'l-;:-d.Attempts to prupart., bromide anal_gs of R,atun_, to tlu., trll:lu_._r(_methyl gnmF_ ds t_ I.'M_.,:_untlu.,
(CI;02At.II(I..) by using C'l:3Br in piace _f CI,'-_Iwe,re basis _t lhu small plu_sl;,lu.,rtts--flt._winu c_upling, This
unsuccessful, presumably because of th_.'gruatc, r bond exact _vc, rlap _f quartuLs tx du_., to Lhc fiu'tuil(_us rela-
str_,ngth oi:carbt_n-brt_rnine cornparud `.,vith tk'_nsl_tl:,of thu cuut:',lirk_ c_.mstants in thu c'_u'npk,x,
c'arbcm---i_._dtnu, 3]1,..F ----2(411 ,'. i:),

' Thu lUF'.NIMI,_spc,ctrurf_ t_l: (CI::3)2AuI(I'Me.a) is _l_(_wn
in Fig./. Alll',t_ugh tl_c,oi.,;isorner pt'edmninatt.'s (~05%), Syntlaesls of (CI_'3)3AuI'Me3 , "Fla_._synthesis c,f thu fully
thu prc'sencc' c_fboth ci._and tr,_s is_,m_c,rs is in ct_ntrast trifluur0mc, tl_ylnteci gt_ld(lll) cc,mt31_.,×initially utili:,,,,.,d
tc_tla_.,,_nalogtms IM_.,2AuI([.,)ct_rnl_-,lexus,in which only cadmiuna reagt.,r_t, /\s sht_x.x,nin lk 1,(4), this rc,actit_n
the cis is(ruler is tc_und, The fi._J'n_ation of Me2Aul(l.) t:,roducucl the targc, t nauleculc, but ,..,,,,anplagued by thu
was sl't_._wnby uarlic, r `.vorkt.,rs (',7 to pmcec, d via _._xicla- reductive _.,linain,_tion of C'l:_,lwith ct_ncornitant f(wrna-

tivu ,tdditi_n folltw,,,t:_dby metl_yl-t(w-tt_dint., exchange., tion c,f Cl:_'.aAul_Mu3, Wu fimnd it t:,t_ssible i(_ ir_hibit this
t_ produce Mt, ¢\LII, as an inturrnediatc,. WL,b_.'lievu elimination rc,acti_an by carrying t_t.ltthe, synthc.sis
simple t'is t_×idntix't., ,ldcl[[h._fl f(._rrrls()til' tril'lut,'(_nu.,tl_yl und_.w a CI_':_!atrnosplu.,ru. 'l"his I_.,dto an H()-.p_.wcer_t
c'(m_ffluxt.,s and seu nt_ evidence t_[:C'F::s/I c,xcl_angu, yield _t the fully triflt_ur_nac, tl_vh_t_.,dproduct II::,c1,(5)l,

_fl'tc,ist_mc,rs _t: (C!:3)..,AuI(I,)a,'e c,asilv distingt.lisl'tt.,ct
_m th,,.'basis _._t_hL,irsplitting F,att_.,rr_s, Figure I shows 3(C'I:.-0-,AuI(I"Me 3) + ((.i,l:a)2Cd,, I)ME '---->
thu eXF,Uctud d(_l.lhlet (.all, I:-: I1 IIz)at .-10,3 t:,pn_ I_r the, 2(,CI_:_):.,,AuI'Mc, + C'l-i'_Aul'Mc,a + CI:::,,I+ C'dl2 (4)
_.,guix'al_.,nttrifltlt_rt_rnc,tl_vl ligands in the lr,,.,-; isornc,r,
'l'lw small valtlc, t_f :_)1'I: is irl acc'orc[ with b_._tl'_trifluo- , 2(CI:;a)-,AuI(i'ML_) + (C'l:02C'd,'l)Ml:i -->
n_metl_vl ligal_cts (_ric,r_tc,cl cis t(_ thu trinaetl_ylF, l'tt_spl_lnc,, 2((.;l,'_):_Aul'Me;-_-t.(.'d 12 (5)
liach triflur, romt.,tl_yl gn_up in the cis is(inlcr sl'tt._uld, to
first cu'der, apl:,t,,.lr as a ct(_ublt.,t(:_]1'I) t_fCluartets (4/F i:) 'lTtc, lU[:spt,ctrt_m t_f this ,,.'cwnpuuncl (Fig. 2) is entirely
with a subst,/ntiallv large,r t_,l_c_spht)rus-fluorir_u c'ou- in acc'¢_rd with a squaru-phartar structure having two
piing [t_r the' L-rifluor_metl_vl gn_up trmls t(_ the phos- inc,cluivalc,nt st.,Is (ii; tril:lut_rometlayl ligands in a 2:1

l:,hlnc,. IRecall.3]l,/; ....75-c;() ! Iz tt_r/ran.,_.-(Cl,-0AuXjl_) intc,nsity rarita, The, triflu(wcunuthyl gr_Ul.:, tratts lt_ the,
and 1(I-2(111/,Itw cis--((.'l;:OAuX2(l,),l
............................................................................................................. Figure 2, Itri: NMR spectrtlm ((__112CI2, 188,25 Mllz,

Figure 1. I__1:NMR spectrum (Ct12CI2, 188.25 Mllz, CI;'CI3 reference) of (CF3)sAu(I'Me3).
(71:(1713reference) of (CF3)2AuI(PMe3).

M _',I' _"----"--_ (.'l,', 1('(-At-7_l'/
I:_

• Au C'l;

,_ 2ii "2'2 24 - 2(, 28
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F,ht>st:_htnl,sht,uld, t(_first t)rdt,r, nl:'F,t',lr ,_s,I wt.,ll _t,t:u_- "l'hi_ zl'(,'/_'_l,,.'_S/ll.,IJ()/'l('llI)y W('ulJ(m._,'q/IV_u'li//,_I,_(',_('tln'l/
r_ltud dt_tlblt.,l (:_/1'I;)_t' _aep[t,L,.;('1]1:i:), Iq,qurt, 2 t,xhibtts _tt/d Ih_'W('ttl_(U/s/'n_,k'mm,
jtlst su¢ll ,-ipattt, rn (thu irttt,n.,.;ity_ti{_ ;vitl_ill thr, .,-;t,pt£,t
i_ '1:(-_:15:2():15:(-,:I ), with 3/i, i: ::: 7q ! Iz dlld,'I/l:.. 1::=:(_,4l lx "'l)l'vll{ i_ 1,2-dim_,tl_(,xvt,th,_nt,,
,_t ,_.cht'mic'al shift t_f "_--.,..,3 ppm, 'l"ht, t_.'_,(_t,quiv,_lt, r_t tri-
flt_twomuthvl grt_utgs ('is to thf, ph(_stghint, shot_M ,appt, at: References
as d cl(_tlblt,[ tri tltl,lrlt_ts til,ltmight bu t,xpt,t'tt,d tt_ tWt, l'-
I,at:,,,-;t,vert,[\,,];'igtll't' '3 slat,ws this F,r_:dictt,d p_ttt,rn with I. 'l' II, £'tflflt!lcl, .1,IKt_xikuwnki,,lllt[ R, I), ("lt_.'-;.'4t)ll,/ll_:ilr,

,gilthtl. Cottl. t'_ol'd, (.hvtu, 1!lgsl,t_, 12(_,
_]1'I::= 1(I,5 I ix ,and I/1:. I: :=("_,4I_Izd[ -3(),(_ pl._l_a, .'2_..I,/\,N/ltwl'ls(m,,,ldi,, hl(u_, c"h_'ttl,I,_tt(li_('/lrtn.27, 2t13(IqS3),

l'lw ttpfit, ld cht, mical shifts displavt, d by 3, I,_,I), _11111t,1',.I,II, .q,ltcht,r,.Irl, illltl M, W, l)lx_t,gt,.
(C'I::0-_AuI_IMt,3,are Lhc,l,argt,st wt' mt,asured ft_r thr, ()r,,q,_t,t,chtlli('._8, [4gS (lt)St;),
([riflutwtmaethyl)gt4cl ct_lllt)lt, xt,s, "l_ht,l't, is _1clt,ar trend ,4. c/, I), (.)nti\'t, rt_s,a_atl.I,A, tVItwrtstm,/,(,',,,_,'SI/lllll,24,
{_1:inc'rt,asud slait, ldilag wiih int'rt,ast.,d triflut_romt, thvl _, (Ius(,), ,

5, A, td_ns(m and I,L.I, 't cdt, l-_h,_tt,/,C/wl, ,,4_,(..,I),ll(,ttct_t_rdin,_titm, 'l'lais trr, hd is ,alst_ rt,fleclcd in thf, I11 I_IVll,_
'l)'ans,, 135(I(It)Th),

S19L'L'tl'a{_l:flat' trinwthylt:,hosplatnu ligand, wlat, rcin (_,/\, .It_lansol_ancl I;t,.I,I't_ttdt,plaatl, 1. ()r_,,ttu(mtvl.Chvtu, 85,
!3/\til'Mt,3 (2,3() ppm)arid ((?I;'3)3Au['Me 3 (1,78 pt:,m) 115(lu75),
t'_.'l._1'est,lat tilt' twt_ extrelllt?s (ff this gt_ld(l II) series, 7, A, 'l,_m,_kiand J, K, I<twhl,/. ()t'/qml(u,cl,(,hcill, 64,

•ill (I '.._74),

Conclusions
Figure 3, summary of syntht,tlc pathw,ws,

.Wt' hart, I_-_rt,19ar__,dthe (trlflt_t_rtmlt, thyl)g,._ld(I) plaos,
t:_lainv COllaF_t-!tlllt-ls (CF3)Aul.. ,and thf entire st'rit, s (_t:

ovt:,rvic,w _t: tht:,scrcacticms is prt,st'ntt,d in Fig, 3, q'ht' _. c'd_ 1_X,cadmium rc,agent (CF3).2Cd. I)MtL while stmactinat, s _ t'l:_l

suitable, d()t,.,4nt)t la,_ve tlw gencriaI applicability t_f a ((.'l(_),X/\tll. _ (.'l(_Aul, _ (('l)X,/\ttl,

(",'igllill'L'[()l''i[hit.lnl ,'L'clgL'll[, til F)ilF[iCUItl,',ii. ]gl'(,lllOtt,S Cd/(.'l:,l,_ (.'d /'_ "lJ_flat' reductitm of gt4d(lll) in cascs ir_ which methyllithi- ('d..._j..j_x,
un_ is klat_wll to act as a suiLable substitution reagt_,nt, (c I'_)._/\ul. ClAt_l,

I-l()wt.,\'t,r, its UNC'OS_.1triflu{)rornethylating reagent fc)r I.... I'N'lt,:_, I'l(t _, I'l'h _

gold(l) and, under certain ,:t)nclitions, for gold(Ill) ('ii :: ('d(('l:)2.1)N,IE
uxtt'lads its s¢_pt_' bcytmcl tilt' prcvious c'onfincs of tlat; x -:_I]r, I
grc_ul:, VIII mt, tals ,and suggests its in¢lusitm ill tl_t, sh(wt
list t_l"prt_CL'dtll'L'S available to syntht, sizu tralasititm-
mural tri I:1u()r(m_ut hyl complt.,xes,
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(_-'om _I:,u.st_'ion Syn-'It:h,e_s......is o.fi:he
....' _ '-,,Ti--(2......(.oreI.osi t_........N:i....A i

We used the process of combustion synthesis to produce a
ceramic-metal composite consisting of titanium carbide and an
intermetallic alloy of the nickel-alumimml system. The samples
were produced by rapidly heating a mixture of elemental titani-
um, carbon, nickel, and aluminum powders in a graphite die/up
to the ignition temperature. By applying mechanical pressure
during or immediately following the combustion reaction, prod-
ucts with greater than 99 percent of theoretical density were _
obtained. By varying the combustion-synthesis parameters, the
properties of the product can be tailored to meet specific applica-
tions needs. Possible applications of such composites include
cutting tools, wear parts, structural components, and armor.

Int,roduction gases are rapidly heated from the ambient temperature
tlp to the combustion temperature, Because of the

One of the major drawbacks in combustion synthesis of porosity, the majority of the materials produced are
refractory malerials is the highly porous nature of the used in powder form. If dense parts aredesired for a
products. This porosity is caused by three basic factors: specific application, the powders must undergo sterne

(I) the change in the n'tolar volume that ts inherent in type of densification process, such as sintering or hot
the reaction, (2)the porosity of the unreacted sample, pressing. The ideal production recess would combine

and (3) the adsorbed gases present ()n the reactant pew- synthesis and densification into a one-step operation.
ders. For example, in the reaction be.tween titanium and In this a, title, the use of a low-pressure, hot-pressing
carbon to form titanium carbide (TIC), the product is technique to produce dense ceramic-metal composites

approximately 23 percent m6re dense than the reactants, will be demonstrated by results from work on the
F:urthermcwe, the unreacted powders are generally cold- Ti-C-Ni-AI system, This system was seh.,cted because
pressed l:c_50 tc_70 percent density. Thus, without den- strongly exothermic reactions occur in both the TiC and
sification occurring, _me could not expect to obtain a nickel-aluminurr. (Ni-Al) systems and because of inter-
product with a density greater than about 50 percent, est in composite materials consisting of 'I'iC and an

Maksirnov et al. I and I lolt and Munir 2 have also illtermetallic alloy of the Ni-.AI system for various

hmnd that adsorbed gases greatly contribute to the structural, cutting t(_ol,and armor applications.
p(wosily (_fthe final prr)duct. This effect is dtle to the

specimen expansion (5-50%) that takes piace as these Experimental Procedures
................................... ,....................................................................

Table 1. X-raydiffraction results for reactions of the Reagent powcler mixtures were prepared for the fol-
form 5(I wt'ff,(Ti + C) + 50 wi'/r (xNI + yAI), lowing three basic reactions:

Product "I't + C + x(Ni + AI) , (1)
............................................... -- .........................

IIinder TIC NI NI3AI NIsAI;_ NIAI NI2AI3 NIAI 3 AI TIAI 3
Ni _,,i M ................. Ti + (i + ._(.,Nt + AI) , (2)
3NI -_/\I M S ...................

_Ni-,.",A!N,I • s .... s ............. 5()wtg;,Cl'i+ C) + 50 wt%(yNi + zAl) . (3)
NI_AI M ............. S .............

:!Ni_ ?,'\I S .............. M ......
Ni _ :_,,\1 S ........ M t. m where x ranged t'nwn 12,5 t(_75 wt%, while t/and ' were
,\I m ............ m M sttchthattheprr,persltfichionwtryexistedinthe rni×ture

....................................................................................................................................................................tolt.'rneach_ItheNi--AIct.nF,otlr_dskr_t_;,vnI_)e×ist,

M,tllaj_,ri,h,ls,v:% '-_vL't,.d,hrVI,h,lst,;m,r.ilu,rphasv, 'I"heNi-AI partt_II:_lhthereagenlsand pn_dt._ctsis
n,I'erredI_as_Iw"binder,"
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']'he t)owt:lt, r llaixitll't, wo S cold-pPessect d{ d presstlPt' {._f It, Vels _f p_r_Mty [hil'll Lhost' whit:h t'_llL,lill Ni?,AI, '['his

..(),/ Ml'a (3()()()psi)i111dachieved flboU[ 5()percent t_l result is likely title l(_ [ht, tlIIft, rellCt, ill lilt, ht,i.l[ ('_I:[(w-
tlle_wetical dt,nsltv, The dle ossembly was then inst.,rk,d naation between NIAI (-71,(,5().l'm_,l I)and Ni:_AI
into the h(!t-pressing apparatus and rc,sii4ivt.,Iv healed at (-37,55() .]. nlol I), 'ITw t.'t.lal:,acts that ctmlaln N IAI
abotll 15()0K/mln, A tlaermoctml:_le was inserted lllt_ a have lliglwr c_.labustlt_rl tenll:_erdttires, whk'll l:_rom_>tt,
h(,le in the side t_I:the die so that tilt., appr(_ximote tern- the I't_rmatloll t_l'liquid and, thus, l'avt_r clt,nsll'icatl(m,
peralure t'_lIf'..,die ol ignition could be nlt_nltt.'ed, Wht, n
ignition _wcurrt,d, the llydraulic rams wt, re con_presst,d Microstructure° Iggurc, 2 c'_mlains on optlcal l,laot_.ni-
to tlaedesired pressure; this pressure was held itw about crogroph of tilt, c'tmlbtlstitm l:,|'t,dtlct of 5() wtg;_('H+ (.')
I to 2 rain (until the,clie wos no l_.Igc,r red hc_t), ,and 50 wt%(Nl + AI), 'l'his l:U't_ducthos o resiclttal Dwt_s-

ity lif (),3 percent, The sphericol TiC groins (55 v_fl%) in
Results and Discussion this sample wvre ft}und to _P¢c,rog0 1,2 nim, and the

inicr_dlardness wos llle,.aStll'et.l t(_ [ge U;l()kg/mn_ 2, lt is
X-Ray P',.fracflon. "lhble I shows the results of x-ray irlltm.,sting t_ note thal the 'l'iC grains in this samph.,
cliffrat'tion rneasurelnents for the detection of conlbustion appear as if tht.,y were' prec'ipih_tt,d fr_ml a nac,II, The p_s-
products t_l' tilt, mixtures shown in l!q, (3), lt is seen thai related mechanism of teat'titan is s_duti_n precil_',lh_tion
binder c'_.nptMtions of Ni, (3Ni + AIL and (2Ni + 3AI) rather thon diffusion through a solid pre,elect lavc'r of
gave prt_ducts c_.ataining olllv TiC ,and a Ni--AI phase, "HC, Titanlunl and carbon diss_}Ive in rnolter_ nickel, and
witla tlle some st_ficMonaelrv os in the reactants, tlle TiC slglaericalgrains precipitate os sphc,ricol groins,
I lt_wever, wlaen the binder conipositior| wos (SNi + 3AI), 'File sample with 50 wt%(Ti + C) and 50 wt%(3Ni + Al')
the pr()duct consisted t)f TiC, NiAI, and Ni3AI, This was cornbusted under tlae some,cCulcliti()nsas tilt, one
result can beexplained by no[ing tllat ND,AI 3decompos- shown in Fig, 2, I l_,re, the pr()duct was f()und to have a
es ()n heating ot appr()xinlately c)73K (7()()°C) int() NiAI residuol p()rosity t)f 3,() percent, on avc,roge groin size ()f
alld Ni-v'\l, /ks tile c(_rnpactcords, the kinetics oI: the pc,ri- I ,I toni, and a microhardness til I 111kg/rnm 2, 'H:w prod-
tect;dd re0ctktn between solids NiAI and NisAI to form uct of cor|lbt_stit,a t_f75 wt%(_l'i + C)and 25 wt%(Ni + Al),

NisAI:_ ore slow enough s(_ that til(, phases present in the under the same c(mditions os the previous twt) samples,
laigher-tc,nlperature, two-philse field art:,quc,rwhed ill, lt resulted ill a residual porosity t_[:5,7 percc,nt, The overage
is also apparent fr()rn qlable I that the ctwnp()siti()ns witll grain size (li: the TiC was 5,0 mm, ond tilt, microhardness
high aluminum cor_tc,nt, (Ni + .",Al,)and Al, result in c()m- was Ikrl0 kg/rnrn 2, These TiC groins ore much larger
plex phase relationships, including tile fornaotion ¢_t:TiAI 3, than tllose seen in Fig. 2, because as the TiC content is

increosed, tilt, c_wnbustion tempero tu re increoses, th us
Binder Content. The: effect of the ornount t_f binder in enhancing tilt. groin growtla.
the ct,l_pact on the residual porosity tri the final product
was studied. Figure 1 shows that f_.' tw_ sets of samples Applied Pressure. t:igure 3 shrews tilt, c,ffect td tilt.,
in which the pre}duct was either a TiC-NiA1 _t' 'I'iC--Ni3AI anat_unt _f applic, d pressure on tlae level of ponMty in
ct,aap_Mtt,, there is a slight cJecrease in por_Mty with tile product fl_rsamples that contain 50 wt% _i:either
increo,-;ing binder ¢ontc.nt. Tlais result is probably caused (Ni + AI) or (3Ni + AI) as tlae binder, i lc,re, it con be
bv an increase in the quantity tri' liquid phase presen! seen tlaat the' opplication _f pressures as low os 6.98 Ml'a
during the reactk_n, (It)()() psi) has dromatic effects {m tile level _l' ptwosity, lt

lt is alst_evident ill Fig, I that at low binder cook, hfs,
the, identity _1 tlac,bincIc,r has litth_,effect on the residual Figure 2.
I:.t,r_,sitv in the pre,duct. 1light, r bindc, r c_ntents _f
NiAI result in c'_.llF,octs that ]'.ave consistently lt}wet Optical pl'mtomlcro-

' graph (at [ ()(}0x Illilg"

.......................................................................................... nlftcalton) of the

Figure 1. _ I(I prodti¢t (1[C(lllibtls-

w. n Ni _ AI lion of 5(1wl_h ('l'i + C)
l_,esldual porosity of ._. + 5(1wt_ (NI 4. Al)
samples containing '/_ • "_,Ni._/\I under 20,7 Ml'a
varying amc_unts of _ t:_

I (NI + AI)ur (3Ni + AI) _ q '- _'_'_",,,,.,_ (3000 psi),

as the blm.l,,r, com- ,_
bu._ted under 20,7 MPa '_

13OOOpsi), _., I I o I ,_
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also shows' that, as ext:,_tct_.d,,_, an increase in the am{_unt . can be pl'Odtlced at rwar the(_reth:al dt,llsilv, tlsillg C,_}lll-
of applt_2dpressure results in a decrease in th_.,residual bustion synthe!;ls tlildt!r r_.,latlvelylt_w lllechalliCaI [,res-
p_,'ostty of both binders, stlres. We have sh(vvvnthat very ft,w-grained materials

can b__,produced ill this way and that the grain size can

Summary b_,controlled by changing the am()unt _1'binder. By
adjusting lhc, synthesis c()nditl()ns, it ts p(_ssible t¢_tail(,'

By using a simple hot-pressing apparatus, cert:ain refrac- the pn_pertles of the pn_duci t'tlrtl'wr ant[ t(_devt, l(_p.a
t_ry materials may be synthesized and densifled tn a vhabh.'materials pr_dtlcti_m process.

Specttlcally,one-step combustion process, d _ "' composite
rnaterials c¢_nsisting,of TK._"-Ni,TiC-NtAI, and TiC-Ni:_AI *l'hiswork was stltJl_c,rledI_yWealds,tsSul_l_orlillk, Re...;_'

" allI[ the Wt'ill._I_llSPl'(_,k!l'llHI, !
Figure 3,

._l__ ReferencesReslduol porosliy for _ NI + Al
samples containing _ 40 ' I, Y, M, Maksimov, 1\,C,, Merzhar.v¢, A, '1',I'ak, A, (,,
either (Ni + AI) or (3NI .ic, l'_,ask(flenko, and B, S, lh'aveman, "1 llgl'_-'l'emperaturt,
+ AI) asthe btndm. '_ 30 Svnth_.Ms in the Svslern "l'i-B-I"e," Mehdly 2, _ 9 _'_.. --_._..,(1985),

combustedunder varb _ 2. J. B.I Ioltand Z. A. Munir, "Ctm_busti_mSynthesis _t
, }.',Xi'_t'l'lll'lUIl[, ]. Mill 5('i,oUs pressures. "_ 20 'l'ital_ium Carbide: Tl'wtn'y an d ' ' " " .

._ 21, I lg86).

()
t} I() 2(I _1)

I'l..,_,sur__,(N'II 'a)

I I
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Thtis far we havereported on research on a variety second-generation apparatus operates at tile level of

of topics in pure and applied science. Ill this section, several tons/day and allows studies to be performed
we record the interests and capabilities of tile C&MS that are required for tile design of the next-generation
Department in engineering research, pilot plant. T!le latter will have a capacity of 1()0 to

Transportation fuels are a critical energy conlmodity, 1000 t/day and will be installed at a mine site in
and nearly all are derived from crude oil. While coal Colorado. In addition, we have analyzed the compost-
and nuclear power have the potential for meeting the tion of tile pyrolysis products to assist in mathematical
global demand for electricity for many years, assuming modeling of the retorting process.
a stable world population, petroleum shortages are pre- LLNI_ supports m_jor programs in controlled ther-
dicted to occur early in the 21st century. Our energy- monuclear fusion. The C&MS Department lends its
related research therefore emphasizes 'the critical area assistance to both inertial confinement and magnetic
of transportation fuels, confinement, research. We also work on the problem of

Because there are large proven reserves of natural disposal of nuclear waste generated by conventional
gas, we are developing catalysts to convert it to higher- nuclear reactors.

, molecular-weight hydrocarbons_ This research makes In support of research in inertial confinement fusion
use of our expertise in tile manufacture of low-density. (ICF), we have designed and built equipment for pl'o-
gels and in the application Of synchrotron radiation for ducing coated microspheres of polystyrene. When
tile characterization of catalytic substances, filled with DT, these spheres are used for direct-drive

In the field of oil exploration, we are modeling when implosion in ICl: investigatk_ns. Also in support of
and where oil forms, migra!es, and accumulates. The fusion research, we have had an Ongoing program
thermal history of an oil-generating region is rew:_aled whose aim is to polarize liquid D-T. Theory suggests
in the reflectance of an accompanying, complex high- that the polarized state might possess a 50 percent larg-
molecular-weight mixture of organic compounds called er Cross section for fusion than the random one. This

vitrinite. We.are performing laboratory studies on vitri- larger cross section would also likely be of significant
nite to obtain a better correlation between reflectance benefit to the magnetic fusion effort. We mention here
and thermal history, that the C&MS Department administers and operates

Tilt, pyrolysis o4:coal under reducing conditions pro- tile tritium facility, which houses essentially ali the tri-

duces a liquid hydrocarbon that can be converted into a tium research and technology at LLNIo.
liquid fuel. We are conducting research on an external- The major sturnbling block to the growth of nuclear
ly heated screw pyrolyzer to determine the optimum power is widely perceived to be the safe disposal of
operating parameters, such as temperature and feed nuclear waste. The currently favored procedure calls
rate. Improvemt_nts in design features are also under for disposal in metal canisters that are to be placed in a
consideratic_n. Technology transfer is an active and geologic repository. We are evaluating candidate

important aspect of this program, alloys for tile disposal canisters to determine which
We have designed and are testing a continuous-loop will best maintain its inte_,rity under mildly hostile

piiot plant systen? for tile retorting of oil shale. This chemical conditions;
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The effective utilization of remote natural gas requires the
development of catalyzed reactions for the conversion of
methane to liquid fuel. Reactions of interest include the partial
oxidationand oxidative coupling of methane; using oxygen.
Our efforts have focused on the synthesis, characterization,

and reactions of new catalysts that perform these oxidative
processes with methane. Successful materials will serve as the
basis of new processes that directly convert natural gas to
liquid hydrocarbons.

Introduction because of the uncontrolled over-oxidation of naethane

to carbon monoxide and carbon dioxide. The kt'), to
Transportation fuels are a critical energy cornrnoditv, upgrading rnetham, t()liquid fuels is the contr()lh.'d cat-
accounting for 27 percent t}f the total energy consumption alytic activation of.the C-t-I b(md of methane t()prevent
in the L.J,S.Nearly ali transportation fuels are derived over-oxidati(m.
li'oil1 crude till, and they account for 63 percent of ali U.S. The major emphasis of this pnqect is the, develop-
oil use. The transportation sector will continue to use merit of new materials LImt might catalyze reactions for

more (_ilthan the natkm produces, and a strong need for conversion of rnetharLe to liquid t:uc!. Reactions (_finter-
transportatitm fuels is projected well into the next centu- est include the partial oxidation of mei:!;,,ile (forming
rv. Cor_sequently, there is a major elnphasis on the ec()- methanol and formaldehyde) and oxidative c()upling
mm_ical converskm (_tdomestic fossil energy resources (forming ethane and ethylene), using oxygen. (.)he part

()ther t:11/.111crude oil t() hvdrocarb()n liquids for 1.1st'/IS Of our current effort is focused on the synthesis, Chdl'dt ....

transportat'i(m t:twls, terization, and reacti(ms _)t new catalyst s that select and
Natural gas is a readily availabh_, resource with large accelerate tlu., partial oxidation or c()upling react i(ms.

kn_)wn and anticipated l'eSt,l'VOS.The U.S. has large The catalysts typically consist of an im)rganic oxide
reserves of remote natural gas such as that present in matrix such as SiO 2, into wh()se oxide coordinati(m
Alaska, for which there is no ready market and no cost- environnaent early transition-metal and lanthanide ions

effective means of transp()rtation to a market. World- are incorporated. Wt.' have pt,rf()rmed characterization
wide, there arv about 35(1(1trillion cubic feet of proven studies including eh_,nler_tal analysis, surface-area e\,alu-
natural gas reserves. If these reserves could be proces.,._,d ations, and structural in\,estigatitms, the latter by x-ray
tr) a liquid hydrocarbtm, they would yield nn estirnated abs_rpti(m nearedge strt_cture (XANES) to elucidate
1()()-yr w()rldwide supply of tri-_nspt_rtation fuels, tilt, bulk I:,r(_perties ot: the calalvsts illld the details (_t:

"l'h,..,t:uture of methane ctmversi()n and natural gas pr(_- the metal-ion c()ordinaiitm envir(mn'wnt. Reactor
ce.'-;sing deper_ds (m rh,' de\'el()pment _)t:catalyzed n)utes studies are in pn)gress to test the catalysts for partial-
that directly C()llVt'l'ti'llCq.hallt.,to liqtlid hydrocarb()ns. ()xidation reilcti(ln,,-;.
The therm()dynamically allowed, gL'lat.'l'il] reac'ti(m that

transf()rms rnetharw (Ct 14) t()higher hydr()carb()ns is Experimental Method

_t('ll l+(y/2)() 2-,(',III, 2_/+yl12(.) , (I Preparation of Catalyst Materials, Mixed metat-silit'a
gels are prepared by hyd n)lysis t)f a metal alkt_xide

whichi.'-,an(_xidativt, pnwess that is facilitated by tl_e withei[h(,rasilicapre-gel(,'asilic(malk(_xide, Melal
use _)fa catal\,sl. Uncalalvzed, simple thern_al rt,acli()ns h)adin Mis Ctelermined by the i',_lli(__t racial alk()xkte l_)

()t:mt,thane ,lild t)xygen rc,quire very high ()peratinF silica pre-gel (," silictm alkt)xide pri(!r t(_hydrolysis.
[('ll'l].'R'l'dtl. ll't',q (7()()---H()()"('), /XI. SllCh I('lllpt'l'illtll'(L',, lhc' 'l'he silica lm'-gt'l is ({)rmvd by the sllbsl()ichi,,)rnt,lric
tw()dtlct yield ()f hvdrt)carb(_n,'-; is tlnacct,ptably I()w hvdrt)lysis ()f a silic(m alk()xide. /\ st)lt, Li()n()t distilled

\*_'/.1[(.,I"illld (1.25 g C(lllCt,l'lll'd[(,d st_lt_ric acid is sl()wlv

/ 2t_
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added to a stdutior_ of silicon tetraethoxicle (TIT,0S) in form suitabh._ma(erials by direct hydrolysis, Thc)se
etl'mn_)l. The resulting ch.,ar solution is bniught to rectal'alkoxides that und ,', )tlgt hydr()lysis ,atmuch faster

reflux under a nitrogen atmosphere. After rc,fluxing rates than silicon alkoxides tend to yield suitable m,lteri z
and removal of etlmnol solvent by distillation, thc' sys- als by the indirect hydrolysis pr(wedtlres, ltowever, t)tll'
tem is cooled and the resultant thick oil is anaerobically experience is that the optimum synthetic procedure can

transferred to a glove box.and maintained under a dry vary grea!ly, and it is a.complex function of mc, tal alk()x-
oxygen-free atmosplwre, ide, silicon alkoxide, tc,mperattlre, concentration, order

Examples of the two synthetic approaches to prepar- of reagent addition, g,e,lation catalyst, and st)lvent, "
ing, metal-silic_'a gels follow. Nevertheless, we have successt:ully prepared a vari-

, ety of metal-silica catalysts as transparent, honat)ge-

Titanium-Silica Gel: Direct Hydrolysis. A metl_anol lwous, monolithic solid materials, 'l'laese materials
solutitna of concerltrated NI-14(OHis prepared. Silicon ccmtain primarily the early transititna metals yttriurn,
tetralaaetlaoxicle (TMOS) is added to this stHutiola in a dry titanium,, zirconiuna, vanadium, niobium, tantalum,

inert atniosplaere, This soluti(m is then added to titani-, and tungstc-n, along witla the lantlaarlide rnetals Ian-
um tetrais_)propoxide and stirred. The addition tri' water tlaanum and sarnariuna, Bulk properties include dens.i-
prodtJcc, s tagel, After agillg,, tiae gel is dried in a critical- ties t)l:1()(1to 200 rag/cre .aand typical surface areas ot;
point drying apparatus witlaliquid carbon dioxide. The 700 to 8()(1m2/g. Idemental analysis indicates that the
final pr()dtlct is a naonolithic cylinder Of metal-silica metal ions introduced during synthesis are inctu'ptu'at-
aerogel that is coltn'h_,ss and transparent to translucent, ed into the silica matrix and arc, not lost dtlring prr)tess-

, ing. qhble 1 shows some typical results.

Lanthanum-Silica Gel: Indirect Hydrolysis. An In addition to studies of the bulk properties tri"the
(_,thant4 solutitm of lantl'mrmm ist)prc)pc)xide is prepared new catalyst materials, studies of the structural enx, iror>
bv dissc)lving ii:in anhydrous oxyg(¢!n-l:ree etlaant)l. A ment of the naetal ions in the silica matrix are in progress,

str)ck st)lutkm is prepared ct)ntaining distilled water and Since these materials are inherently amorpla_)us, we havc

48 tta 50 perce}at tetrafluort)boric acid (in water). The turned to using syncll!'t)trt)n radiation metht)ds IXANES
sttwk st)lution is added dn)pwise to the rnetal-silica- and extended x-ray absorption fine structure (EXAFS)] tta
etlaan_4 st_lt.ltion,/and til(., renaailaing processing is per- investigate their structure. The XANt3',Sdata alh)w 1.isto
formed as describc, d above for the titarlium,..st4utit)n gel. Mentil:y the metal iOl'l, its oxidation state, and the cool'di-

nat,i(.m ntlnabcg", and give ali indicaticm of tlae ct)ordina- '
Characterization ofCatalyst Materials. We deter z tion geometry about thtr metal iran. This informatitm,
mined elemental cc)rnp(.)sitit)ns by inductively ct)trhaic,ct wlwn c()upled vith I{XAI:S data that identify the atomic

plasma-atr)mit emissit)n spectr_)sc'opy, and evaluated tyF,e and distance cat:first and pt)ssibly sect)lad ct)orctina-
stlrf/.act_, 0re0s bvg, as-adsorpti_)n I]'le,lsl.ll'elYlelats. XANES tion rleiglabt)rs, will allow t.is t(,_develt)l;, a comprttlaerl-
stuclies wet(., perft)rmed ,at the Natit)nal Svnchrt)tr_)n sire picture of the strtlctural elavir{)nment.
l.,ight St)til'Ct, (l_)'ot)klaaven Natitmal I.,al:)oratt)rv, Upturn, l:ig,ure I shows preliminary XAN ES data l()r
NI.")'.),,1lan el(.,ctrt)n energy {)f2.5 GeV and a st(wage sc,vc,ral mtwlel Ti-Si() 2 ct)ml:at)ends. Tetralwdrallv c(.)t)r-
ring current o1:ab{)ut I(}()naA. A monoclaronaatic syn- dinated Ti(IV) ()xide ct)mplexc, s are represented by tita-

clart)trt)n x-ray bc'ana was t)btainc,d using a Si (111) crys- niuna tetraist)pn)pt)xide [Ti(Oil'r).l] and titanium tetra
tal with a rest:lutit)n ¢)t:abtmt ().al-cry at the titclnit_lm I< (trimetlavlsih)xane) ['l"i(OSi((.'l 13).-0,tl.Six-c(._twdinate,
ede, e of 4-c.)()(-)eV. XANI::',Sdata Wel'(.?t)btained usil).b,,thc, l:)seud()-t)ctalaedr01 Ti(IV) oxide ct)ml:)h_xes arc' l'et-)l'e-

fltlorescence tt,chniclue, sented by tlau two t_)rms tat "l"i(.)2 (rt_tile anct anatase)
and b\, Tyz()r, a commercial titanate. "l'l_c'te[ral'tedral

Results and Discussion .............................................................................................................................................
Table 1. l_lementalc()mpositions ()Ithe calalysls.'

"l'he basic synthetic' apprc_acla is the !aydrc)lvsi,,-;tata metal
all<t_xidc' in the presence t)f ,I silic_)n all, c_xide (direct
la\.'dr()l\,sis) t)v a F,artiall.v hyd n)l.vzed silica 19rt.'-gel(ilad i- Percent found Percent calculaled
rc,ct h\.,dr(_lvsis). 'l"he resulting mi×eel rnet;_l-silica gel is Catalysl Si() 2 Mt,tal ()xide Si() 2 Melal oxide

thc,n .drit,c| c,illat.,rby critic;ll-p{)int extrac'ti_)n, which /,r.>i(), ,().7 I_).') qs._, 2":,,i
l't'st._lts in a metal-silica aer_)gt:l, tar by c'()ntrt)lled c,vdlT)t)- Nl_-..'-;i{)-, 7'2.'.) Iq.{) 7'Lq 1.1..1
vati()n, whicla rt'.'-4tll[S in d metal-silica xert)gc'l. "l'lat'I't.'flC- '[,I-!-;i( )-, 72.'2 I().1 73..I 1.131
tivity t)f the' nwtal alk_xit.|t, t()lavdr{)lv,',is ct(.,tt,rrllil_(.,s ........................................................................................
wlat'tlat,r a direct _)r indir('ct hyclr{)lysis r(_tltc, is a fq.)r_)-

priatt,. In ,qt,nt,r,al, metal alk()xides tlaat uladt,rg_)lavdr()l-
VSiSdtd l',.Itt'C()ITlpdr,.i[>It'[() Ihat ()f silic()n alk{)xidc's will



.'g'<'//_.l(-; • l-:ijicIX,,I/-/,_'/.tcUle,_,sc.rcll.i.t l_,_,_'/<_1.11_,11t ..................................................

I'uur-c'_u>rdin,ltc,c_>mplc,xesc,xhibit twu renin I'c'i'ltt!,:'c's: t_xidc'matrix, al_mg with cu(_rdinated wnlcr ,lncl/t_r
(in irltt,rlsc,,sllnrp prc,-edgc, line ni nbi.,utt4 c,V,fc_llmvl.,d nlkuxidt, ligallds+ X,'Vtth!llc,rmcll tl'c,iltmc,rlt, Lhc,Inbilc,
by a l:m_<lc-I,indistim't ,.,dgc,.,.-;lrtlc'ttlrc,ni "."-()iu c-,()eV, (.')ri ligands (water ,lrld alkuxidc,) arv lost arid the dt)-'l'i(l\;)
the c_tlu,rhand, lhc, six-ccu_rdinnte, l.,setnd_-twtal'lc,dml inn cut, rc,rts tt_ its desirc,d tc,trallL,dr,ll ft_rl-rl,C)ur pl'l.,-
cumplc,xc,snrc,cll,lracterizc,d by <1wc,ak t:u'e-c,dgc,liru., liminnry rc,suits irldicntl., that tit,lrlittm is tlnif_rmlv
split irl!._a triplet, clru:la shnrp, c(mlt:,h.,xedgv .,-.;trtnctl.lrc,, distriL_utc,d tllr_ugll lhc, bulk t_l:tlu., mntrix ns _lfcuir-
In g,..,rlc,ml, the tetrnllc,dr,ll TJ(IV)ictus ,it'4.,ensily distin- ccu_rdinaLeiul_, with rlt_m,,iderlcc, for the nppl.,clrnnce c_l
gtiisl-u.,dl:tx>mlhc, I:,Sc,udo-octnhedr_ll cnse, 'l'i(.)2, Stlrt'nce ,Irc,cls rnc,ctstired <_fte,r thermnl trentmc, nt

I:igl.irc,2 shtu.vs the, XANli.g dntn obtnirlc,d for the were 200 tu 3()()me/,,4, while iu.,l_re tlu.,rmnl trc,ntment
"I'i-SiC)-,c,+ltalystmnterinls, buth irt lilt.' +.is-pi'c,pcirc,cttori- the nrc,ns wel'e 7()tl to 8()()m"/g,
d ition tllll.-I <ll'l.er \,'<_i'it!t.lSproc, c,ssil'ig conclitit_ns, The

'I'i-Bi(.+)2plxn:c,+_seclat l'_+lt)l'l_lc,rllpc, r<litlrc, t.,xhil.',itsa huv- Stlmri_lary and Concltlsi(ins
intc'i_sitV triplc:'t prc.,-c,clgc, line (sou.,il_st:t+)cei_tt, rt.,cl <_t

4,(_ eV, nnd distilwt, shnrp c,clgt+,fc.,+.+lLtli'C,._,,'-ksthe Ti-Si() 2 Wt' hnvc, dc'vc+h_t:+t.,dsvl_thetic' met hi_cls i_t prc, p_lril_ ii

is l:,rt_cc,._st.,cl;til'st by llc,nling tt_ 5()0"C hi,ct then irl vnric, ty of rnc,tal-cimtaining silicn-bi_st.,d cninlysts, Itotli

8{)()<:'(', a lral'isft_rrl_i'iti(_l'i l,s t)bsc, l'\'c'd iri lhc, XANES spe,c- bl.ilk prtg_c, rtit.,s and prc,limil_nry ._tl:tlCitlri_tl st uclies

tta. l'hc, lo,+,v-iiitc, nsity triph.,t prc,-c,dgc, Iiile cx_llapsl.,s t(i (Xt\NI_;,._) indicaic, <1t.iniftwrrl dispc, rsioi_ of the irltilal
n sil_glc, lirlc, thnl grin.rs in intc, nsitv with increasil_g itmsin lhc, silicn mntrix, In the cnse of 'I_t-SiO.+ matc, ri-

tht!rmi_.l iwt)c't,,SSilig, In nclclititm, t.hc,distinct cu.lgc,.fLu_- his, strtlcitll++:il ll'i.lil.,.4ftirri-llllit)l-lS i_[Uitlt lhc, mcgnl ion nrc,

ttlrc,._ obst.,l'Vt.u.+l<-iii'(x_iYI tt_il_pc,r_ltli'C, ai'(., less prol-rlhlc, i_t, libservecl c-ltlrirlg simple thermnl trt.,i'lLllit, lAtS,which

and the ecigebc'ccmu.'sbronclnnd indistii_ct with t:tlrthc,r l'c'stllt iri il tc,trclht_,clrnl I:orrll ot:the Ti(IV) i(in dispc, r.,-+cu.-1

tllc, rrrlill trc,clti-lu.u_t, tl'ir(ulglltuit the bLllk with no ft)ri'rlaticm of .,-+c,pariilo 'i"iO:

A ctmsistc, rlt explai'talitm ¢._t:the,st_,rc,sl.ills is .,.4LIIYIr'ilCi- ' nnd Si() 2 pl_nses, Although t:()tll'-c'iitil'clil'iigLt., titili'iit.lm ii'i

ri/+c,cl in Fig. 3, i\s prt.'pcirt_'cl, the "I_i-Si(.)2mate,rials c0rl- Si(),, is krlm,vi'i to tn2CCll'iri hi<u,h-derlsity,ltix,v-stlrt:at'o-

thin six-ctu_rdinntc psc, ticlt>ocinlll_,drnl "I'i(.IV) it)ns, ill'Uil gl+.-isst.,spl't?pcil't,d by the Iligll-templ.,raturc, melting
wht,re lho metal ligands i.lrt.,dci+'ivcu.-Ifrt)lll lhc, silicon cii: til_-iilil.llYi ++lhdsilicon oxides, the rnntt>rinls describcu:l

Figure 1.
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ab{we have low (..tunsity and high st,rt'acu aruas, t:x_ssc,ss 'l'ltis _l,cu'l, il,a._ ._lllVJorl_'_l IU/II1(' IVhu'_,_lllll(r_l,II lill('r,d,,lt

,1 regular tetral_vd ral culu'dinatlcm envirunmenl aL",otlt "lh'hJl(qc,,k'y CrJsh'r r,l' lh(' 1)( )1; ( )lti('('(_II'(_._sil I;ll('rgy, iIIIcl

tlu.' titanitlm i{_ns, and can bu {4,tainud by relattvelv IU lh(' (.;_l,_ I@.,_'_n'h I_lstit_lt(', 'l'h_' S.ll_lcl_r(_lnu_ stmlic._ ,'l,cn'

lu'w-Lernpurature procussing, sutV_m'lnt IUI Inslil_lti(u_ll I<('.q('_tn'h & l)r(',vl(v_mr;tt,
This n_,w class _,t' mural-silica mak, rials may find a ................................................................................................................................................

widL,r array ut al.',F,lications ,as catalvtic, tl_,._,rrnal, ac'{_t_s- I"tgure 3,

tical, and (._ptical maturial.,4 thar_ tradili(._nal l_iqh-density C

alvsts are currently beil_g evaluated lu delermtr_e their :::::::::

t'w_lenlial h.'u" selective caLalvtic metl_ane _._xidalion,
. form during heat

treatment,
Figure 2,

1,2
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We ttave developed Hew chemical-kiHetic models of vitrit!ite _
rfflectattce and petroleum ge_teratiott and expulsioH, "lIte
vitrinite-tEflectat_ce model will help i_tdevelopi.g arid testing
thermal histories of potential petroh, um-geHerati_.tg sedimeuts,
The petroleum generation and expulsiott model uses tltese tlter-
real histories to p_vdict the timing and efficiency of petroleum
generation and its expulsion from the source rock. These models
will aid iH evaluating which traps located by geophysical tech-
niques are likely to contain oil.

Introduction Wt,arc, w(.'l<ing to irnwove tlw rc,liability (}t' ,1 tuch-

Ilkltie callc, cl tniegratud basin analysis, wlllch llac'(_l'l:_(_-

l'rilci iii(ro,li t_x,ir(llt,tllYI i_,×ploratitm tlSt,s gc,tG-qaysical rates rllanv aspc,t:'ts ()i' ge(wllt, lTiisiry, gc,olt_gy, gc,t)physics,

lt, cllniques t_ It>calL,traps (rc,sc,rvt)ii's) wllert, till illld g_.ls and hydrt)h._gy in al_ atic, mpt t() m_dc!l, in a clc,terllllnistic

Ill(ly I .lVr? dC'C'tlllll.llaic!d, _k_lt'all't' trying ttl illlt.ll't)Ve lilt' fasllh,1, wht;,n alld wht!ru oll is gC'l'lt'l'a{l_'Ct,nligrall.,s, alld

pvodictit_rls o[_tahll_,d fronl tilt,sf tec'hniqLIc, s. Oil is gen- aic_c'l.lilltllatC',<4,This tc,c,llniqtie iilvillves (1) c-'alc'ulatiilg lhc,
eratc, d frt_m t)r_ailic illatter (principally l_llytl)plankl-tm) lhernlail histtwy of lhc, basin, (2) coinbtlling lhal thc, rnlal

that is t.iept_sited in an tixygc, n-ptxw ellvir'olllnc, llt alld Ilisttwy with chenlical-kintrtic t'xpl't,ssit)llS to prc,dict whc, n

subsc,qtlt,ntlv hc,atedto 80to 160<'C by burial iii d<,pths and where oil lind gas ai'c, gc,nt, rated, and then (3) esti-
ol3 l() h kl_l ovt;,r tc,ns lip nlilliollS til' years, I Once (til'mc,d, lllaling t:i'Olll variotlS i._llysical}__airamc>tc,r_ wllt;'ll and hi

(_il nl<iv eili_er be,uxpelled ft'Ohi lhc, SOtlrC't, i'twk Lll at?cti- Wild:re the (_il nlovus. We need lo know not t_lll), whether

llltllatc' ill ,_ltrap iii' bf,ct)nvertc, cl t() gas a.'-;it I.inclt'l'goes till and gas wt, re forlllt)d but also whetht, r c.,xpulsit)n

tLlrtht:r btlrial. {l'Olll I:he st)tll'C'l., rock ()c'c'tlrrc,ci iii lilt., righi ritac, and gr,till'l-

............................................................................................... c'tl°y it)fill a trap, t\ trap may be, t_(wnled beftwc,, aftel, (w

Figu;'e 1, A mulill_le t_aralM reacllon nmdel for the dLIring c,×PLllSi()n by crustal ft)lclillg, faulting, or el'(isJtin

carbonilalhln of vltrlnlte, l'he e×ient of and reclc,ptMtitnl,

each reaction is combined wllhthe elemental balance clmsiratnis This yual', W'Ollladc_significanl _ldVallt_os ill IWI)
in liq, (1) t(I calculate the ciinlpilsitlon til lhc renlatnlng s.lld,
ileflectance Is then calculated by correlatlm_,wtih residual- aspc,cts tit: integrated basiil analysis, tTirst, wt, dc, vr, I-
solid con_postth,n, ()ped ali impl;wed chc,mical-kinetic llltKlc!l of vitrinite

nlatl_lralitH1 and i%,flvctailcc, that will better c!t_i'lsti'ain

.- Viirinitt,----> .v_ tllernlal-llislorV nltx_lels ()t: ._l_,dinlC,lltary ['_aSillS,=

t- I1[I I .,.,

into ()l.lrdetailed chenlical-kinetic model of oil and gas
l(I 11) generation and dustructitm, We then made the mt)st

.'_ _ detailed ntlnpr()prietary c-alc't.llatitm t(.)date of (>ii expt.ll-
o sion t:rOlll _l generating St)LII'Ct' rock 3
'_ () li I ,

2_ , ._/ Vitrinite-lleflectance Model_ iirinilu----) Vitrinih ....>

residii{li ] rt,sidtlal

20 2(i -- A crucial requirenlent fi,)r an integrated basin analysis is< vitrinilt,-t-II_() vitrinite-t (iil,l

layers (.ltseveralltications thrt)tlgh(itl[ thebasin. This
IU 1{I irit:tirnlation is obtained frc)ill steady-state ht,at-flt)w cal-

culati()ns al ali historical times, tising inferred sedinlen-

5 _ tary thicknesses, Many appr(ixinlations are required, st)

(I I I () I FI there arc, inany pl.)ssible sI;)t.lrct!s ()f t:rrtw, lt is theref()re

41i 5() ()(} 7(i ,Iii 5(i f,() 7() Ill,_ct.,SSill'y tri hllvU StH]lt, incte];)ondtql[ I]lC'illlS iii: cho,eking

Aclivati(m i,nc,rgy (kcal/m_,l) lilt.' calculated thurmal histt)ry. The refh.,ctancc, i.)f light

i')



Ii\' Vitl'illll(', ,I Ill,ljt_l' <_>n,_titttu,_lt_l ct,,_l <_J_LI<_I_int_r Modeling Oil l:_xpulsion
t't,l_._iiltlc,nt inm,l!_v tflhc,r _-;udirnt,llt.,-,,is thu rnt_t c,_rn-
rnt_n in_.licntt_r tl_.;udtt_c_,t_,,-;tr,_in_u_,tl'_urrn,xl hb;It_rit,.,.;, {._}n<_,n Ihurnl,iI hi,tr,rv I_,_ I,t,ulacnl<tll<ltuclnncl x'uvlliu_,l
t It,w{.,vur, t I_,.,r{.,is ,_ I_._r_-.,-;t<_mlin_dis,_ruumc,nt in lhu lt_r um.'l_,,-;u_.linlc,nt<lrv I,ivt,r, lt c,_ [-,utl.,-;udi<_'<nlctlhltu
lit{.,rnttlru t_n I_t_wvltrinitu rt,flucl,_rlcu dul_unds t;n ttmu ,whc, n _il _,,ul_ur,lll_;n<t_rnrnuncc,_lnnd t_v{.,rwhnl tinlt,

<_{.I tumt,ur,_ttiru, i}t,ri_',d ii w,ls _unc,r,atL,d tn ,,,nrit,ll_ F,<_rt.,-;t_r thu bn,<-;irl,{.)tit
Wt, I_,_vu_.luvult_l}t,cl,in imt'}rt_vucl rnc,thtu.I t_l'c'alcl.I- c,llc'tll,_lit_ns It_r thc, t.Jlnt,_ I_,,isii_in tJt,_hh,_x,ul'u.'c'll

I,Ilin_', vilrinile rt, llt,,c{ai_c'c,h't_l_'_ll_urrn,ll hi.,.;l{._rlus, du.,4<ribu{.It}ruvi_tlsly, I I It_wt,vc,r, lhr, n_o.,-;{t'rll{.'i,.llis.,-;tll,is
{..}tit rntu.tul l_uiltt.'-;t_l_ lhc, I_i.,.;l_ricnl {.'t_rrul,ltit_l_ nt_t wlu.,n t_il is !,unur<ltu_l, btll whun il i.,-;uxt_c:lh.,d tr_na ll_t,
t,{.,twL,,.,nx'itrinitc, rut'lc,<tnncu nncl ii.,.4ct_rnl:,_.,-;itit_n, .,.-;_tlrcul't_{.'kIt_r mi_r<_titw_tt_,i tr<at:,,\,Vl_iiuin thu .,-;tltlrc'c,

i_arli<tllnrlv ii.,-;l-_vclru_,c,rl/c<_rbt_n rntit:, ,,Nsx'ilrinitu rt:c'k, _il is ct:ntintl<illy cr,_{.'kudtt: It:wur-na_:lu<ul,lr-wui_.;hl
I.}uct_nlu.,-;nl_ru gr, tl',hitic, ii.,-;rt,l]t,{.'l_nc'_, illt'rt,d,'-.;t,s, I,'\it, _11nrlLtgns, sl_ lhu duh_v bulwut,n _,t,nt,rntil_n ,lhd t,xi.}tJl-.
durivc,d n :-;in_t:_lu<lac,mic,_l-.kinc,tic rnt_dul thnt r{.,p.r_- _it_n dk'tntu._ II_u t_il/_.,,,asrntit_ t,xl_c.,ct_,din n _tx,c,n tmr,,

d tlc.c,sc'h,_rl_c,s i1'_x'itriniiu c'_ml,t_sitit_r_, nnd I_uncu in 'lh rnt_dul this p!'t_c,c,ss,wu natlsl tlndursl,_nd (I) thu
rc,llucl,lnc'c,, lt_r bt_tl_ ,,..ut_lt_ical and Idl_tll',,ltt_l'V rl'ldltl- turnpur,_ttlru dild I'}rc,s.,-;tlrudC,l,Undun<u _.,ttl_.' {.'l_urntcc_l
r,_ti_n. M,at'ur,_tiun in <ls.'-;umud tt_ im_c'uud by thu I'_1- klnutics tri'_>ilc'r<lc'kin_,,(2) I'_t_x.x'the {.h.,c,ru,_u in r{.,cl<
It_win_ rnucl_,_l_isna: I_twu.'-;itv(ct_rnt;_nctt_n)dc'purld.'-; t_n _vurbtlrd{.,n (li*,lu_st,lt-

lc) Prussurc,, (3)I_t_w uxpulsit_n cluPc,ndst_n t_wt_sity ,-Ind
t'l lye),/ .....>(_'l.i,_c.,iI I x.2,1.#lc...hl(.)i/.21,..,t t_tu'c,..tlulidpi'C'SStll't', ,llld (<1)how ct_lalt_ac'titli_is inhibltud

bv p()i't, prt,sSl.lrc,.'l'hc, vtlltllliC,s dilcl cun_l_,_tti{u_,__t' Ihu
.i-al .l.._t)+ I,(.'¢.)7.-t.cC"tI, + _#CII t , (1) i_il ,li_.l _4<1_t_hn._u._nru cnlctilaiud ti_Jill4c'_rrc,c'lt,d I_udllcll-

Kw_lil_-_l_ilvu UCltiiltitli_stil' si,lie,l_iii our chumical..klnutic
wl_c,i'c,C'l I, rc,t_rt,.sc,nt._t_l'_<_i_ic'_<_._t.,._arid liquids with muclc,I,7 'l'hc, _(Itll'Ct' I'l_CIxt',ll'i ht, <111ope'n, ch_sud,or lunkv
1;_t_lc,<lilarwt,i_hl._ _rt,illc,r th,_n lh,li of il_ulhi_nt,, I_;nc'li _v._it,m, I;tlr thr Ic,akv ._v_lum,wt, ,ldl_l_ic,dthu mc,chni_i-
i'c,<_c'lil_l_i_ dc,._c'ribt,dby n di,_li'ibtitl_i_ _,f<lclivniil_ii c,Ht,i'- ciil n_clul ._h_lwi_in I,'ig,3, liqtiilibrltln_ t._wosity is
_ic,s,as ._ht_\vi_in l,ig. I, "lt_14uthur,lhu ._ttfichi_u_c,tric ,lssumt,d it_ dc,crea._c,c,×t:_mc,ntially wilh tl_uctit'l:c_i't,i_c't,
ct_uffic'iui_t._nncl ihu c<_lculatc,c-Iuxlc,nl t_fc,ach re,ac'tit_i_ bc,lwuc,i_ ii'iu Iitl'iti._l<ltic't_rc,._._i.iru<lhd thu uxcuss l__li'l_i:_rus-
dufinu lh_, c"_l_l_sitit_i_ t_f lhc, rusidcial maiui'i<_l, Wu al,_l_ _t.lrt, (l_t_i't' prt,sstirc, in t,xcus_ tri h),clro._iatic), Ii is ftirlhur
clt,rivud imt_rl_vud t_lll'i't,l<ltillll_ buiwuc, n com)._ll_ililli_ <lS_tlil_t,dthai thu ratu i_t c,XptllSitll_ is pr_t:_lwfiui_al lu lhc,
<libelrc,tlc!cial_C'c,ti't_m ii[t,raltlrc' da[a, t,_ Citm!binillt4 thusu uftectivu hvdriltillc cl_i_cltic'tlviiy c,,_timntc,d t'i'(u_ thu
t_,._.'t_il_lt_r(_\'c,mc'ill,_nlh_w_ tl,_ll_ calculatu rc'flc,clill_CC,l(ir IQ_z,c,i_y-(.,i_ri_;.li_t,Cltli/iit_i_,_ Finnlly, a pi'l!sstii'c, rulk, f
nl,litll';.l[jtlll <li time,scille._ i'<lllgJil_ fl'Olll h(Itli'_ Irl milli_ns vnlvt' is addud s<_thnt thu ptlru t_rc,_i,_l.lrt,Cilllntlt t, xcl.,t,d

t_l vt, dl'._, iS c_ml_<_ri._oi__f lllt'd._4LIrC'c_and c'alci.ilatud lilht_ti_lic t_l't.,_,_;tlrt,, t\clivatJt_n of this villvt, ,simuh_it,._thu
rc,flt,c'tai_c'c,vnluc,._ t:(_l'lhrc, t, cliffc,rc,i_i lime, ._calc,._is prt_cc,._.st_t:n,ll-urnl hyclrtfl:racttirill_,
givc, n in 1:i/4,2. Nt_ I:_rc'vitltis rnt_clc,l IlilS lhc' <nl_abilit ), I-g_tlrt, 4 shows <1cnlctllali()ll lit gt,l_c,riltiOl), c,xpul-
l_t prt,cliciinu> rc,fluctnnc'u t_vc,i' stich a widu I'dll_L' (ii' sit,n, I._rc,sstlrt,, allc-I c_n_al__i_c'tiln_Cl.ll'Vt,sfl)r <11/ictunltzud
lhurn)<_l hislt_rius. ._;t'Q,II"lC,l'i[ _t' rich .'-;t_tll't,t.' rtlck thai is buric,d ,il 3<'C/Mv in

............................................................................................................................................................ , ..............................................................................................................................................................

Fitl.lre 2, C(in_parlslli_ of measured _nd calculaled v,_lues of vitrinite i'efleciilnce for Ihree dr_lsllc,llly dlffereni tline-tenlperature
I'el4iillesl la) sealed bllnlb pyrolysis i.,xperillleili.s for sanlples healed ai 1_'C/wk, lbl lenlpt, rilll.lres (if 200 til 4511<'C
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5('rti(ul (,i • I:ill('q<l/.-I<('hll('HI<(',_('clr('h_inUl')('_J('i(vull_'llt



IAlehave delsto,slraled tlt_' .(e_isibilit,q o.(usiltg a healcd screti,
Io co,lilttlousl!l lqlroi!/ze stick!/cakilzg coal Io lJrOd,ce Ii!/dm-
carlJo, lhl,ids, gas, altd char, All'ho,gh Olwmtio, o.fa slstall
sillgh' screz_,was ,Sllall!l stead!l, "_,eto,ld stol achieve high
throttghtJ,t, attd the torqtte reqttired to t.nl the sc'reT_,_,as
ttttdesirabl!t high, We sttst_ect thrtt the ret_,ctittg t_lastic cottl
adheres to the screzu attd the. cross-Iittks (ther,tosets) to.l:orttt
a stag, a,l char deposit, Ott the basis o.( this tttodel, z_, expect
that atr i.termeshi,g tzuiu screw zuill show 'it,pro-oed perfof
mattce, The DOE is.fttttdittg a, A.tericau cotttpa._t io test tltis
recommettdatio, at large sct_le,



u\il ,111_1Ilt_w lhrtltIF,h ,I !'_2t)_'_.' I+ipt' It_,1 ,1.()"(.'<tll`idl,ll_t,r, lhr, _<rvw _l_et,_l,t lll_lt,r p.vr_llv_i__'tln_llllt_i+_,htlwt,vur,
l'h_,_,_vst_,nli_ru_stll'_, I_2 pstr;, tl_, thrtlliF,hl_tlt ttlrw,_ tlnc,_l+U<l_,tllvi'_,,_<h,li_,I_Vl_I,-

l_e_Lllt,_ Ihrtltll__hl_tlt t,_'t,il Illv'tllur, Huruw t', whl<lt tltltllur-

Ninu _tln'U_+_l'tllrtln_ wuru m,_lu butwuul_ Italy lUH,__ll_tl _l_l_tlll_t,t, Nl.lrl'tlcu I'lt_l_h,

til: _.'_),IIv,,',Isla.vr_Ib'Ix'cl, V\G,Irlvt,.,-ItlF,,Ilt,tl,I wh.li., r,lntv t_l' (,irld ht,nut, lhtl tc_r_.itlu)ruCltlll,t,_.ltil ltlrll LIIt'n<t't,w (i11cI
t_pL,r,'_tinu,<i.mclilltlns: sc'1'uw.,-,l.',L,ud<_I5 irl 37 rl,n_, _.'cl,il ui.)nvc,v Liu.'<ti,_l_,',is vi.irr .'-_rn,ill(.. I().I/F,), L_liu.lt,rl-,yr_;l-
l:ut,_.lr,llL, cii'3(I ti._,127_/1nln, n_<_xln'_tlri_l",<`irr_,ltuml-,ur,l- ,,'sln<tlrlditltins, li_.m't'vt,r, thf' l:',tlv,,'ur_,,',isc,rr,itlc' dll(l

ltirt, _;I:_I)l_i (_5()"(.',and l",,_rr,.,lItirnl',t,r,iitlrt, F,r,ldlt,nti.,f l`il,_h,lar uxt't,i.,dlri_,an,vprt,dldli.ms b,lsudtm vls_.'uti._-
_'_l_ 3,"4'(_'/_n`i, l'h_, l,rlrn,lrv tG_.,r(itii`i_<t_1_dltl_Ins,,vvrL, sl`i_,,,_rrni._dt,l.,-_,I ll_h l_rcltiL,<iru.llltlwt,r ,ir_.,tindti._ir,._t-,It,
t'ilti_Ull (_I_ LI`iul",<Ish-_til' i,i[|i.|r, lltil'V 111t,Q.'-iLll't,lllt,1115 <llld Llt.'t.'dtl._t'IIIuv 111i..h.I11ht.'i.IV'_,' t'l|llsll'llt'lltill, lal'_U 11111Lc)l'H,

ntci_Ic,linF,<,il<til,ltlti1`isill+l_t,<_ttr,+tr_slt,r,l'_Y1't_Ivslsl<ilt(.,t- ,incl i.i341`it,lt,c'trlt',_l<t;.'-+ts,l)tlrll`i_ .+++t,trv(,d-li`ilt,ttil+t.,r,-_titln,
iu'.,-+,,lhd tlu., tlrnc,..lt,lnl._c,rottlri.,<It,l.',t,lldt+,n<it,._ill+t't_ul vi.'-+- wl`iit.,l`irUtlttlrt,d It,m.,.+l.-,clwt.,t,tl`i,`inl_till-inh.,ttG-_L,r<itlt_t`i,tl`ic,
ct_sltv<'_1'IclSi'rVt'llil'_,+ Sl_.,dl'lul.+t'_xvt,r11"wrc.,,_st,dwlth sc'r_,wSl,t,vdi_ncllt,t,clr,itt,

/\ tvl,ltc,1'i,_lb,;l,iru.'u _,_,'<isct)n_l_h.,tc,dlLir unu rtii_. 'l'hu with ht) clu,`ir trund ,_l:',l+,'_r_,,1_[wltl`i lurnl-,ur,_tti1't,F,rtldlt.,rll,
vit,ldm wu1'u7?,l:,c,rc.t,ltt <l`i,lr, I_ l+c,rct,nt (." llgtllcIm,
I() t+urct,nt t.'.1__,,<ls,,lhd 2 i_urut,nt w,_tcir, 'l'hu Iigtlid yield Discussion
wils bt,lt_v,, ii it, 2(i i_t,rc,t,rlt i.lblaln<lblu tll`idc,r I',`ivt_i'i_blt,
i-_i'i._c,u.<_sc'tlnclttitms. This lt)w vluld w,_s l:ltlc' lt_ thu It!w MilCh til' tiLIl' l.,xlJt,rlmt,l`itiliii._rl x.v,l._directed ,Ii tlt+l,lntllv-
sc'l't,w tt,l-nt_t,riiltli't , I`it,t,c-lc,cl til bt, ttur tli`iclt,rslili`icl lhr, in_, ilnd tlilcli.,rstallc-IIilt.,, ii`iu I'i.,ilSl)li+I't)r tj'ii., Iii_liatti._n.<_i.lll
t'i.)ll\'t'_,'<ll`it'C' I_`it'cl'i,llli._111, thrt_ul4ht.+titand thr hlt4h,111c1 t'l'l'dllt' t'ltiWt,l' I't'tltlil'U-

{.Incll,r I'till-inlul ft,c,elin_ c,i._i`iclilll_i_,<i,wt, I'i-lt,il.,-itlrt,tilhr, il_t,ri[.,.i,tin thr b<_._lsi._l',`ill t,vlclt,nc'u <lv(llhlblu it) tlS, x'¢t,
<ii,li Ihrt_t+i_411t_titi._,'t,l'ii I'<111_,1,,til' _t'l't'W ._pt,uds<inel ten1- t_l'i._l_llsl.'lhr, Il)lll)xvin_._,clu.<_c'i'it_lli.ll`i,illti._lrntucl in Ig/4.3,
I_t,i'ilttlrt,_, I:i_tlrt, 2 .'_hi._W.<_the rt'stlli.'-i, /ks c,xpuc'ic,d, in t_t' Ili.lx_,'rc,i`ictii`il4 t',lkil`i_ c'tlal is 111i.l%'l.'l.l thl'i.itl_l`i thr s<l'uw.
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'ii'ii_l_,<'<'_i: _ i,, " ;, _, _ ,,_'il...... , ,: t _"'ti ,i :;i ,it ,i "_ti ,<

We are sttld!/ing aboz,egvotiHdoil shale retort<rig. Our 1-t/da!/
coHtinHous-h_olJ !filot retovtin,_ s!tsteHzis bei_t,_up,yvadcd to
process 4 t/da!/ of coll tmerciall!t sized shah'. The _le_;s!tsteJsl,
like the l-t/daV sttstem, ts based osl the LLNL hot recltch,d s_hd
(HRS) process, a generic secol_d.,_em, vation vetortiH,_ system for
vapid t,!/rol!/sis o.f oil shale. OpevatioH of the ttp,_,vadedretort
will coHtvibtlte to our ImderstaHdiH,_;o.fpyrolysis attd combtts-
tion over the.fttll particle-size van,ge,and be,gill to ans_ev the
maHy qttestions about bttlk-solM haHdliH_s,in the scale-ltp o.f
the HRS process. We have completed the conceptual desi,g,tt of
two pilottests o.f the HRS process, at the lO0- and lO00-t/day
scales, to be fielded at a mim' s;ite in western Colorado,

ll_trodtlction A flt.licli/t,d bc,d 0ml cc_mht,,_L_rsv._lt:m ,_llt,wn <is l_

,-it'c'i.li'iltc'lyclt'tc,ril-iillV lh<, r,lit, (,t'<,ii t_l'(idtlclil_i1 cl.lli'illl4
Wt, ,irt, slli,.l'¢in_ till sh<-ilc,l'l_,tlll'iii'l_ lisli_ rt,circ'ul,_tiIlt4 i._ilill-it,rm,ll i._yr<lly_is,iiicl tltiili-iLililiivt,lv I-i-it,,iStli't,lhc,
hill _llli_.l_ il_ li-if iillx_rill<lrv ,liicl ,l C<llllintltlti_-itltlt:, pil<li c,xit,ni <lt <>iic!t,_i'iicl,l{itli-i cit<<'in)_,,t_yl'<d.v.<_i.<_tin_,lt,r ,1v,lri-
i'c,lllrtii_l..,, Iocililv, i'vltic'l-ii:_r<l_i'c,!_h,-i_bc,c,nro,icl<,in c,tv iii c'_li-idilitm_,
tll-idt,i'sl,illtlii-i_ ll_t, l_,l_iccl-it,rni_lrv lit h<ll-s_did i't,l<ll'lil-i_ \4/t, l-i,ivc,clc,\,c,l<_l_c,cl lhc, II 1_5t_l'llct,._s,l.<,',,1_t,nt, ric
[_i'llct,s.<it,_,{.lsin:,4,l triple, cltlilclrtll_tllt, rn,l_._sl_t,clrlli_lt,tc,r st,c<lllcl-_t,i-ic!r,-iiilli'l rt,itlrtii-i_ sv.<_tc,m t<_ri',lt:_icli_yr<_l.vsis
(I"(_M.'.4),wt, h,lvt, i-i-il.,,-i_tii'c,cllh<, t,\'ldi.lii<lil iii indiviclti,-il <lt <iii _h<lll_,.'l'ht, .,.4y_it,m llils bt,t,n ic,.<_it,t:l,ll ,i I-I/ii,iv
_t_t,c'i<,_cttii'irl_ i_.vr<.lv<_i.<_iii-icl climl-_u_iitli-i, int'ltldii_l_, _.ic',llt.,iii-icl will be,tit-_i',/clt,ct Iii ii ,'.1-1/cl,:iv?l,ll_i u_il_
hvclrl_c,li'l-vli_.,-i,wott,r, _tlll't.lr, ,libel i-iill'<l_t,n cllml_lllll'lcl_, c'tlllti-i_t,rci<-ilJv._i/x,tl sh<ilo,in I;YCJ(I,"l'hc, nt,w i't,{<li'tii'l_

svslt,i-i-ic<lnl,lil_l__t,vc,i'ol nt.'W c<li-i'itxmc'i-il_,wl-iich will be,
' llii_iiiO;i7.....................................................................................................i<,_tt,tlr<l,,c<,,-i-i,_-i<,,,,,i,llvi,il_ilitv,wt,k,,vt,<,l,_<l<,<lmplt,it,d

[_::l-li" I"llll, l,_<l_

' ,i c'tliit'l.'t_lllill clt'.<_il4iliii t_il_it lt'si'.',iii lh<' 111'_5t'_i'tlc'c's_<ii.'-irh_'lll,_itcof Iht, m,w (;,_,-<,_,li_l iilr I(i()-,li-icl I()(lli-t/cl,ly _c',-ilt'_,{l_ht' I'ic'lclt'l_liii o rntiw

,l-Itdoy IIl{._irt, i(irllnl4 I,_,lw ! <'vt"li"ii!'r silt, iii _,'_,'t'Slt'l'l-i (.'tlllil'ildl_,
<.yslc'iil. '.h,i h' "lllllll

illll'l /iinl I)_,l,lvt,_l-I,ill
/tiiitl Laboratory SttldiesI lltil-ll t'lllill_ll_,llll '

_looo_
| ........-"i I:lllitl I,<,,1 "l"ht' lab<lri_tlll'v _tudit,_ ,irl: dt,_i_nt,tt iii t,ltit'iclilit, lhc,
':l'\:'d t''lilil'il_l'lr chi,mit:i-ii r<,,ic'iiliil._i,-irit.I<',lie'stit <iii _hill<, tllklCl'_Sil-il,_,1_,l

'li:;{,_L ._t._A. '-ii,- 14ilkl<' iii d<,sit4nll,< ,lhd llt_t.,r,ltil-il4 ,l-<iii't,t,lticic, nl ,ii,elc,i-i_,'ii'<lill-i_lt_l-il,lll_,,' .-4__tli_lt:lI't,l<ll'lil-i_ svslt,ill_, i\rl tll-i-Iilw

w,,<,,<, _I ii ,,ii ,lll<l l',l<_ cllilli-i-it'li'\' iii' ft't+ li'lii-il.,' ['iVLi'ilckin_ ii'if t'\'ilitllitll_ iii' llil

<,',.li,' l!'}ii_ il'l'l'i<_"! ,,ntl _,,,,_,,inii (?.)lhl., tt lilt,t,<,,r,lLil li,_ iii lr,ice, ._lil,tit ,li-it'
_.\ii i-iiti'llt._<.,il_l_t,t'it,s iii t'llVil'lilllllt'lllill t'illlt't'l'll, In li-if I_,l_l

V_',li',Wt' h,_\'t' ,<chic'vi'ct inc'rt,,isc,tl ._tx,cilic'ilv, l_t,llt,i' tt,n-i-
Ix,r,l[ilrc, i.ii_illli'l-ilil\,, ,intt <ht,ilbiliiv il_clt,it,i'i-i_ii_t'tlll,lil-

j I',_cl<._,<lI,_,_1 lilit,_ _ll l.,,,_sl,_with t.,,i'c,iil,lt't'ill',lt'V, I,'llr c,x,ii-ill_lt,, wt, <'ill/
Air Iii< t'vr_'lv"_'r I-rlt,ilstlrt, ('()il-i lh<' I_rt'._t,rlt't'i_l Iivclrtlt',ll'lxlll_ Iw cll,il'___>t,

I"il'_' t,xchilill.t, will/ii I<,i'!lt,lllil c<_llisilli-i ,v,,l._.l'hl, i't,lllrl ,_nll
till'li,lt'<'f4 il,_,'l' i_t't'l/ I't'_it'_,ivill'tl iii )'iv<' ,i It,li_l_t,l',ililrt,

liilitllrl-i-iilv i_f i .]_"(' ll-il'l_til,,l-it_lil lhl, _,lml_lt,, witl_ ht,,ll--
-_1--,.\tr il.-i_;,r,ilt,_ ,i._llit.',h ,Is Iii"( '//lllill,



A l,_b_r,lt_,'vfluldizudbed i_beingu._udit,dc,Lei'mint,,_h,11oI'c_idu_forIL¢._2 mill,IL5[)()"[.',pr_vidlngthew._i..
i_tllerm,al kil'lt,tic_It_r_ll _l_,lh.,i)yv_ly_i_, l_)t,vvl_G._t,d,_t t:lt,rwt,timt, rlt,cc,_,'-;_-lrVt_ t,×t_',wttlw _iI, Ix,,_vir_ thf
I,I,NI ,, tl-li_tll'_i¢.lll¢.,irl_trtlmt,nt tl_.,_<'_c'_,rlbtl_iiol_tubo wtort, tl_t,_._lh:l1_i_r_t,t_m,_tlc,,lllyliftt,tl t_ thf t_t.__1_1
d_wr_,,-,tw,am_1'lhc, Iltnldi;,',t,dbed t_ btlrl_ ,iii t'vt_lvt,d _.'_'_¢:'_'_:ti__-L_¢.,_.1c'ombtl_i_w,wl_ert, Lhct,l_,lrIMbtlrNt,d tlur-
i:,vt,:ltlt't_to L'(.)_,I I;_(),,__:tSO., witl_ on-liter, m,_s__l:,cc- ing irrll:',c,dod-gr<avtt.Vt7111,whic'l_r,_t_c,_thf tt,rnt'_orattivt,
twmt,trii' dc,tt,c'tl_m,'l'l_t,tt,cl_niclut,I:wt_vtt-lo_at'cur,_tt, Lt_r_t,,_rlv(-_5()<'(',Ik,low tlw btlt'lwJ',,__m,_llI'ltlidbod _t,p-
dt,tc,rrv_irl,_tit,_t_fthe c'iarL',¢_rl,_1"_¢.tI_ydwgur_ rt,lei_c,d dtlr- __r,_tL,_,-lrldcli_cl-l,_r_t,_I'lrw_,'_r{drt,c'vc'lt,_tlw ¢.'¢_<_t'_¢.,_l_,ale,
lrlg pyr¢_lv_in,,ir_d,with _uL_soquur_tt'twrlbuslitm, thf I"t_h.,r_ti,_lt',roct,.,._trntm,,,c, rrlc,rlt_ irwlttdo r,ipid
,_u__LnU_t(_t'tlw rt'_idu,_l cl'_,lrlc,(tir_tl-lc,be,d, 'l'lw rn,_lt,rt,)l throtlgl_punt, high (_ilrc,c'_wt,rv,ct,-l-lpIt,tt,t'irl_.,s_tlll/,,_llc)n,
l_,_l,rwt,¢_l_t,_im,dIt,' c',_rhor_i_ I't_tllirwlvwttl_in ¢-.)8pc,f- ,_ml rc,duct,d t,r_vironrner_ti_ltrnpat't,
c'_,l-lt,l'l_c,rate, c'_r_st_-lr_ts_r_.,,_st_t'¢.,_.lwith tl_i_,-lppar,_tL_S Unlikt, r__(_tpv(_c,t,sst,siri the cl_t,n_ic,-llarid potrc_h.,urn

,is ,irl t_vdt,r __t'm,_r_itt_dt,, In ll_t,p,-l_t,tl_t,c't_ldtr,arlsl:er vo)tlrnos of ._olids, LIrldc,r_ti_rldlng tl-lc,unit ot:_er,_(i_m__1:
linch (<,-15[)<'('),-lhdli-lt,dl.lSl,-lccumtllatir_ or_tlw t'iltc,rs, key solld-I_ar_dling comporlc,rlt_ ,_nd lhc,it ir_tt,r,-lcti(mi_ i!
v,'hid-i ,_ii'(, typic_ll for tl_i_tYt,c,of c,×pc,rimt, rlt, dt,li_yt,d m_j_.,'t'(.le'_.l_(.)1'[9L(I' L'l.ll'l'{..il'_tl'(.IiS{..itll'ch,( ) L I I ' I _ l ' ( ] _ 1 ' _'1 I _ _ pl,_r_

dc,tc,rmir_<_ti_ms¢_fvah.,c,¢.m_lantM, 'lhblo 1,

"['hc,fluidi,,,ed-buct rt,Mc,,_rcl_l-li_._rt,,,c,,_h.,dthe dc,lc,ttwi- SUcc,t's_l_Llltc,sting at thr,su thl'oe _¢,_h.,swould pro-
¢_tl_c,ffc,,.'tt,t' t_xidi>',t,dsl_,_lc,t_n_il vie,Icl, We.,have, mea- vidt, the tocl'_r_icalkm,,,v-lac_wto t,rivi-lit, irlcltnstry t_
stlrc,d up lo ,_15 pc,rct,rlt dt,crc,i_c, in t_tlvk,ld _,',,,1_¢.,1_ buiM a full ¢¢,r_rrlc,rcial.st',-_h.,rnt_dtlh.,(12,()()0t/d,-ly),
t_xidi/,t,d_l_,_h.,<it,14:1 r,._tit_t¢_ra,,,vsl__h:,i_ loft in LI-lt,bed. _c,_lc,-ut:_frCm_thf l,_r_eptl¢_tt¢.,stwouM il-lvolvt,__l'0ctor-
We i-irt,ir_vu_tig,ltil-lgwl-latiml.>,_ct{l_i_wotlld l_avt,ur_dc,r t_t'-3cl_al-lgein ,,,¢.,ss¢.,ldianwter, which Is nt_tur_vt,_sorl-
pilt_t rc,tortil-lgc'_nditi¢,-l_and ,are i-llst_tc,_tir_grho,cirusof able for solicl-I_andlirlg sy_lorns,
rt,duc'ir_gyic,ld lt_ u_ir_g_t_lid,_t_¢.4_,-l_c'oU.'._additives, .

Conclusions

HRS Retort System 'l-'herc,suits ¢_t"tltlr I_ahtm-ltut'yctrtdpil(_t plant sttidius aw
corldt, nst,d into rr_atlac,rnatical rnt_dc,ls duscribtng thf

VVt,h,lvc t_periatc,d ,_ I-t/dear corltir_tlotts-h_op 111<9 rctt_rting pwct,ss, Tlwsc, mtMel.,._are theta tlslecll(_scalt,-
rt,t_rting svstt,n-i ,-itI,I_NI,_illcc 1t)84to study ii-leretort- tnp the pr(wes_ iartd t,xpl(.)ru irnprovt,d rett_rting meth-
ing chemistry in ianclcttlal re¢ircul,-lting lotq.-,,This yei-lr, ods, q'lais inter,acti(m bt,twet, rt c,×purirne!atal studios ianct
wt, ,art,tipgrncliiag the rr,tort tt_prtwuss 4 t/ct,-_v(ii'ct_m- mtMt,lirlg la,-lsbc..t,iathe kt'y tri (it.lr ,ql.ICt?U,qS il'ladvancing
rncl'ci<allv_i/.ecl _laialcto _dtlclvpyroly_i_ al-ldctmabustitm tlao_tait, t_t"the art.
kint,tic_ in llAtlrt.' cit, hail i-ll_d tri al_swer the mially cit.lc,s- Wt' are tIpgri-ldlng (.ltir i IRS t:,ik_tretortir_g ,'-;ystt'rrl Lo
tit,-ls t)n btllk-solici hiandling pertinent t(_tl'w scale-up of I_,_l-ldle4 t/day, and wt, h,avt' c'¢wnplett,d tl"to t'orwt,ptt.li-ll

thf' I IRS prt_ct','-;s. "Fherlt,\.vt'iwility, sl-tt_vvnsclat,n't<_ticially dt,sigr__iftw(_pil(_t tests of tlle I IR9 pr()ct!ss, ilt the l()()-
ila l:ig. I, ct_nt,ains,arlunaber (_tirnl_-,_wtalatc,ornpotaenl_, and I()()()-t/cli_y.'-;¢_les,I'encling I)Oli',,ll:,prt_v,_l,clotailt,d
includirL,,4a ri_l:,id-tl-lrt_uglaptitfltlid-bud rnixor and rntw- closi,qnt_l'thf I()[)-t/ctay pilot test could begin ns early ,as
ing p,-lcket;t-bc,d pyrt_lyzur, ,-ll_,air pnetinaati¢ lift and ()ct_._berIrl9 I,
dt, l,_vt,cl-fiallctmabu_ttw,and ,i fluid-bed cornbtl_t(w

clt,_aignedt_ _t,par,-ltcand di.,-;cl_argc,t'itauswhile rt,¢y- 'l'/tis _l,(ll'k i't,tt:; .qllt_l_<_l't_'d I_.1/tll_' A."Ii)r,k,llllt(rlt,ll I:illCl'q.I/

cling c't_,_r_c _l_illt,, 'li'chn_h_y,t/CI'IIII'.I"()["I/l_'l )( )1:;( )/ii'if('()l't'_.'e41I:lll'l',,,_l/,
lla tlai_1)r(wt,ss,t',l_,_,'slaalt,i_ r,apicllyht.'ntt_d in a gravity-

bod I:_yrolyzerto pr¢_ducct_ilv,-lp(_ri-llaclg,_s, I'_t,siclui-ll Table 1, Sizeof operations Inthe(iii Shale I'roject,
c<lrbtm (t:laar),v.'l-_iclart,n_ilin_tm tlw spcrlt sl_,lluaftt,r ¢_il
c,×tr,ac'tit_n,i_ btlrl-lud in ,-idt, li-lvod-fallc'(mdgu_t_)r,provid- _..........................................................................................................................................................

ing ht',-ltl_r tlw ciatirc,t.-Ir()t't,ss. "Flit,he<ali_ trlaristerrod Scale "iiml_e/day Pyr(llyzt, r tllainelur
Ir(lln thc,c'(ll-Il[-_tlSlitll-ii;_l'(it't,ssI(i the rt,l(ir[illg I._l'(ic't.,ss[_y ......................................................................................................................
rt,t'vclirlg Lhr,htlt solid, i\ sm<alltltlicl bt,d prtwidcs i',apid I,Ibt,i,,llt,i.v .I S ii_
i-nixii_t- _f lhr, i'<a_,',.',-li-ldrt,t'vt"lt,d_h<llci._l'i_rt(_il-lli'(_clt.lC- .'-4m,_llpiN,i I()i) I.!i fl
tit_laii-ltt_lhr' i1111\.'illg p<lclct,d-bc,dI_Yr_lv/,_.,i',who,rr, rho l,,_r_.wpil_,l li)(li) -I,f_ II
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A Rev Jew o f Fabri ca t i ' 1 1ogy.o Ino .....
,' " ")-jr'_ _...f o r lC F Ta I t S h e,W1s

Plastic microshells filledwith D2 are routinehj used for direct'
drive implosions i, the htertial Co,fineinent Fusion (ICF)
Program. The technology used to make these shells has been
developed at LLNL during the last five years. This article
summarizes the present technology of microshell.hTbrication.

Introduction ,lt the top L_ta dr(',p t_wer Illr{_ugh a d_tlble n_/.×le s\,s-
lOIll, shown in lhr' il_sel L_fliig. 2. 'l"ll(.,s{dtltit,n I'l{_ws

, he techn_4(Gy _t nil\ing micrcMlt,lls is based t_ll the through Lilt' illpt'r llt_;//.Jt,, ,lilt] lh(.' stripping gas flows
collective ellorts OI:nldnV rest'archt,rs, i _ The shells are tllrt_ugla Lhr,t_tlter 11(_7;,;1(.,.'l"hc,c(_ltl]lln c{msisLs _)t thrt,t,

made _)t three l,l\.'(.'rs (l:ig, I). 'l'h(.' inner layur (oft(.,n secli(_ns, l't'lt'lTt'_-J L[)ht'l'U ,1sLhc ttqa, nliddh,, and b(_tt_,m
lq,{t.,l'rt,d lt} 'lS Lhc mandrt,!)is made of p_4ystyrene, st,cli_lls. The llnl.') section ht_lds the llozzlt' asSenll_ly.. I

\vhich I:w{wides sflpp_wt t_,' Lh(.'middle laver, nl,ldu Of Fhc, nliddle sectitm is heated by a series _f t,h.,clric,ll

p_l\'\'inyl alcoll_,l (IWA). The ptll'p_se of the I'\'/\ laver llt.,,l!.t'|'s, and ht,lied |litr(_gt.,rl gas is intr_duced ,lt lhc
is lt_ pl'{_\ide ,lh adequ,llv purnle,lli(._n b,lrl'it, r tor lilt.' botttml (al Lhr'middle st't.'li(.ul, wht.'nct, ii fh_ws t_pw,ird,

ft_el and diaMm_stic e,as(.'s. Tlle tensile strength {_tIWA, against tilt, tal!ill Mdr, grill,t. (:.'old nitnGen gas iS intn,-
Ilt_\Vt'\'UI', i.s ll(.)t sutficienl to ll(4d the hi qh pl't'SStll'L'S til' dtlCt.'d ,lt Lilt' b(_lt(,nl t)t til(.,b(,tlor,1 st,ction and tl(_x\'s
Lilt, fill ,qascs, thu.s nect'ssit,1 ' _,lille., Lilt,ot_ter l,l\'er, nl,ldt' of up\\',lrd, nlixillq witll tilt' h()t gas ,lt Lhu Ix)til)ni of Lhr,
cro.,-,_,-linked plasnla-p_!.\'nleri/t'd nlaterial. 'l'his _uter middle set.'Li(m and It.,,l\'in,g lilt, c(_lunln ,lt lilt' t_p. l'he
],l\'er (_lLtql c,llled Lilt.,(..'li laver) ,als_ sc'r\.'es ,as tilt, ,lbla: b{_ltt}lll t}t lh(.' l'){_l[t_lllsection is tilted \\'ilia a ct_lluct_w

t_w ill inll:,l{M{_ne\perinlents. l'his artich., describes t{_rLilt:,prt_dttct rnicr{Mlells.
lat_\' tilt., p{_l\,st\'rene shells are made, I3_x\' the\' are "l'hv exact met.laanisnl t_t Jim\' lilt., shells are t{H'lllt,d

C_),att'd with Lilt' J'\//\ dnd CII J,lvt'rs, ,lllt.] ht)\v Lilt'\,',ll't' has lltll [iUt,ll CtHllplt.'tt'JVesl,lblished; tilt' J.lh(.'llt)lllOllt_la

ch,ar,lcterizt.'d and filled. : c,ln [at, U\l:)l,lined qualilati\'el\,, II(.}\Vt'VI'I'. 'I 'l'he f,llling
droop ,q_ws lhn_llqh lt)tlr st/.IgOS' dl'Villg, skill lt}FIll,1[itHl,

Polystyrene Shells _.,xpansi_n, ,l_ld stabilizati_n. Ill tilt' drying sLagt,, tilt'
sol\'ent v\',lp{watt,s fr_nl Lilt'dr(q:_lel bt'C,lUSe _)t Lilt'he,_t

l'he pl'twess {_tn_aking p_lyst\,rem, mandrels, sll_Wn transter lnml lilt, surr{_llnding htfl gas. /\l sc_llat, t)_inl,
schcnl,ltic,_ll\' ill i"ig. 2, is c_mCeptu,llly simple. 3 /\ s{_ltl- when lilt., pt4vnler c_mcenlrati_m ,11.tile _)uLt,rStll'l',ict.'

titan _1 ]')t_lvMvrt'llU iii ,all orgalliC soJ\'tql[ is intrt_ducecl exceuds ,1 cer{,lin linliL, a skill hr.'gins 1.(_tt}rnl t_ll the t_l.ll-

sicit,. Illis F)ht'l'l_:Hllt'll[lll ,qreatlv reduct,s Lhr' }')ernle,lbili-
Figure 1. , t\' c_fLIle tlllItT ],lVtq" [t_ Lhr' t'\'at_t_r,llinb, ' s_4\'t,nt. /Ns a(li J,IVt'l" *, I t4VM\'rt,l'W

I.avers uf an ICl, I'\',.\ lilltl(.','-,tt_ b(_il tatl J)t't',l LISt.' t'd" ht',lL [l',lll,'-,['t'l" Jl'{llll Lilt' t.'t_tlll-.

microshell target, f,ivt'r,. lertl(_\vinq h_)l _;,Is. (.)rice ali lilt st_lx'ulll e\',lp_r,lles, tilt,
shell begins t_ shrink, ,is lhc s_l\'enl c_lltillllt's It_ j_t'r--

• ' nit,ale llw shell skin. I:inallv, as Lilt, sll_,ll t,nlt,rs tilt, b(fl-

l_ll_ /_llt' and c_nlacls lhr'c_)ltt }_,as,til(.,s_fll skin t_)_l:-4
,Iild h,11"tlt'llS, c_)nll',leling lhr' sL,_biliz,lli_m |',nwess.

PVA Coating Process

l'he p_4\,sl\,ren_, ln,lndrels lh,li art, pl'_)dt_c_,d ,is

dt,scrib_xl ,_l_\'_, ll,_\'t, ,i \'erv high pernl_,,_bilit\.' 1_ th_'
ttlt,l !._,,_.s_,s,_lt'c{,s.siLatinu,thf I'\,'A l,/\'t,r, which is addv,t

b\' ,_ dip-c(_alinu pnwess. 'l'ht, first sl_,p ill Ihis pr{_ess

/ ; ?
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is to introduce the sorted polystyre|w shells of accept- _ments for which they wet:' made, shells of the right
able surface quality into a capillary tube by suction, surface finish and dimi, nsfl_ns are selected and sent to
The shells are then placed inside a chamber, which is Ll_eC! 1 coater.

evacuated. _' If the experiment for which the shells are

being made calls for'a certain, diagnostic gas (such as CH Coating Process
argon in many implosiCm e,xperiments), it is introduced ,.

into the chamber at this time, and the sl_ells are allowed The PVA layer dL,scribed above has a low permeability

to equilibrat.e with the gas. Anaqueous solution of t() the is()topes t)t hydrt)gen and the diagnostic gases
I'VA is then sucked into the caEillary tube; this solution such as argon, but it lacks the necessary tensile strength
surrounds the shells, trapping the diagnostic gas inside, tr) hold high pressures. Therefore, a third layer with the

The next step ts to make the I'VA layer uniform and necessary strength Characteristics is needed. This layer
t_ stabilize it by drying. Both are iaccomplislu.'d in the should bcrrelatively thick in order to also serve as nn

PVA drop tower, shown in Fig. 3/' The capillary tube ablator. I'lasma-p_lymerized films appear tt_possess the
filled vv.ith the mandrels and the PVA solution is needed properties. TIw present method c_t:flwming a

attached to a hypodermic syringe filled with PVA uniform CI-I layer on implosion targets, described briefly
solutitm, and the whole assembly is piace," on top of in the following paragraphs, isessentially a summary of
the PVA coltlmn (see the inset of Fig. 3). "lhe PVA col- work reported by JcAlnson et al. 7 and l,etts et al. s

urnn is equipped with a set of electrical 13eaters, which As sh_wvn in Fig. 4, the plasma polymerization appa-
heat the nitrogen gas flowing up the column. The ratus consists ot:a vibrating bouncer pan and a helical
shells coated with the PVA solution are injected into resonator. The vibrating pan, driven piezoelectrically,
the column at a Llnitorm rate. The PVA solution layer ensures that each sphere receiv-;s a uniform coating
becomes uniform i1_free fall because of stlrface ten- during exposure in the active plasma field. The.pan is

sit)n. The hot nitr()ge n gas flowing past the falling wet constructed by fastening a thin stainless steel plate, pre-
shells helps city them during their fall, and the dried vk)t.lslv hydrt)formed into the shape of a saucer, tc) a
shells, cc:ated with a uniform PVA layer, are collected piezoelectric crystal. The crystal is driven by a whir6
at the bott_ml of the c()ltlmn. Depending on the exper- noise source.

Figure 2.
[_I'('SSlll'C'_dLl_t'
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The helical rescmator is a par!icular type c_l:tuned. Characterization of Shells
resonant cavity that i11ductively couples energy to the
plasma, lt is unusual in its capability of producing The coated shells are characterized t:or inside diameter;
low-pressure discharges in gases because the magnetic wall thickness, layer concentricity, and sphericity 4' , ' . . . °

field lines somewhat inhibit the t:low of charged Chara.cterization techniques include interferometry,
species to the walls. The plasma is COllfirled within an scannirlg electron rnicroscopy, radit_grap!ly, optical
interchangeable quartz reaction tube thrt_ugh which a microscopy, and x-ray [luorescence. The shells thai

mixture of tile monomer gas and l_ydrogen flows, meet tll_.,experimental specit:ications are filled with 132,
Changing the reactor tube size provides a means of

altering the electron temperature that affects plasma Filling with D:,
composition, A radiofrequency (Rt a')shield that varies

the length of the discharge region controls the amount The final step in the production of rnicroshell targets is
of time during which the flowing lllOllOllleF is subject- to fill them with tile correct amount of D2, The stall-
cd to the plasma environment, dard .procedure for filling the shells with I)2 is to put

them in a capillary tube and place the capillary tube in
Figure 3. Schematic of tile PVA drop lower, a pressure vessel connected to a D 2 supply. Tl_e pres-

Sure in the vessel is increased gradually, in small steps,

M i_'rumt,ter
Figure 4. The helical resonator plasma coalel; whichflmv cuntrtd valve Injeclor

' is used lo apply the CIt layer,
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until the desired pressure is rc.,acht.,d, followin_ whid_ 4. I-;.,M, I,illey, "l;abricalkm, Mt,a_urc_,ment, 'l'c,slin_, and

the shells are l_eat-treated 't_ reduce the permeability c_t' I'rc.,;;surizatitm _t; lkdymt, r Targets," I,awrence I,iverm_,'e
Nalkmal I.,ab_ral_ry, IJverm_re, (ialit., dral'l rel;_rtth__,I'VA to I)-,, The filled and lleat-treated shells are

- (.July 1(), 1087),
stored in .E)2 tlllder pl'C;SStll'e until needed, 5..], Zl (iil't'llS, "l'olymer Microsl_hercs ......I>heiltlmt, lulh:lgy

ariel M_ldc, ling of lhc, Ih'_dtlction l'roc'ess," l,awrc, nct,
'l']tis rl_,'k wtls slll_tJorh'd b li th_' ICl-:' lJro<k,l'aln, I,ivermore Naiitmal l,ab_mlltu'y, IJ,,,erm_m.,, Calif., draft.

' report (1cJS7),
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This artich' describes four years of eh'ctroll spin reso_taHce
P.C. Souers,"

L. VIaienschein. L
(ESR) and nuclear magnetic resollance (NMR) measurelneltts

on solid deuterium-tritium (D-T) at 3 K and higher, An ade-
• ' ' o' , quate number of hydrogen atoms is produced bl tritium

radioactivity to t_ump the hydrogen nuclei in dyna.tic nuclear

polarization. The electron relaxation time is too lottg and the

nttclear relaxation l'imes are too short, however, for nuclear

polarization. Pttre moh, ctth_r DT and temperatures below 2 K

will be needed to pttrstte ttuclear polarization.

lntroductioll ixltltint,lv tlst,tl lt_ It,ngtht,n tilt, Iltlt'Jt',lrnl,agllt'lit' ruJdx-

a[it)n time, I'l'ti[t)llS Ilavt, bt,t.,llt;,t)l,lrizt,d lt) virttl,lllv
I;t)r II) vt'dl'_, t)llr 1,1btlr,ltt,r\' has slx,ciali/t,d )la t,x,lnairl- It)() t'lt'l't't'll[, btll tlt'tllt'l'(lllS cmIv lt),lbtltll -I.()[_tTt'Ula["

in_ lilt' t:_rtlt_t'rlit'stil' litltlicf ,llltt trtl/.t'n I9-1'in lilt' IltlJ_t' l'tllari/atit_n tit Lr)Lt,nshas I1UVt'I' l_t't'n ,1ttt'ml_t('tl, nclr
tllat htllllt, _l_t,ci,II List' in hvctrtGun ttlMttn _','t_tiltl rustllt, h,_s t_tllariz,alit_n til r,ltlitl,lcti\'e ct_ml_t_tintt.,_.

.qllt]l ,I t_tltt'nti<ll LiSt' ,ipt?t,,irt,d ii_ lhr' idt'a t)f Iltlt'lt,,ir (.)llu wa\' lt)j,t_lari/t' llllC[ui is Irl t'tltll tilt' _<lml:,lt,it,
_.l_iilI_t_l,lri/alit_n. I<ulsrtld t'l <11.I ._tlgt;t'._lt'd that I)-1 millil..ulvin tt'naperaltlru_ in a ttiltllit_ll rt'li'i__',tT,Iltw.

ltlt'J with ali Iitlt'lC,,lr ill,/_llt'lit' nltllalt'llt._ al)grit,LI i_,lrallel I It,li,_ hds II_t'ct this mt,tlatM ttlr _;tllid I1v'tlrtlgt,n cJt,tl-

\vtltilcl tltldt,ry/i Illsitln with <1q()I-_t'rct'nl hi_ht,r tl't_ss turit.lt, (I II )),.I 'l'lais nac'lhtld rt,t[tlirt,m _tlj_c, rlt_w tt,lalpt,r,i-

_t'clit_ll lh<alltilt' tl_tl,II I',lnd_.lna mi\lt)rr,. Stlcll n l tlt'l It)rr's, \\'hicll \vt_tlh_t lat_tht' ,itt,linal_lt' with lilt, I VV/Int_l

c_llltt ttlt lilt, mi/u, ,and purh,/l_Slhu c't_._t,tit th_,inertial dr,c,1\,hull t_fI)--'1'_ /\lmtlsI ,111t_l,lri/t,tt laigh--unt,r!-y
ct_nlint'naunt tli_it_n dri\'t,r b\' ,/_ rntich ,a_ 5()J;_l_l'ct'lal. phv_ic'_ tall'gr'Is tlSt' ,I d'itl't'runt mt,thtld in ,in\' t,.l_-it,: \'i/,

Ntltlear I_t_l,lri/,itit_n has bl'un tltlllt, lt_r \,t,,ll._ till _}-_t'- thai til d\,ll,lnait' ntlclt,,/r ptllari/,llit_n..', ; In il_i_ nat,thrill,

tial t't_nl}_tltllld.'_ tl_t,ct ,is tar!',t,l,, ill nllclt',lr anti high- IInl3,1irt'tl t,lt,t'lrtlllm in m_lna,,"ttt_p,ll_l" ill lilt' m,lll_pIt' ,lru
c,llt,r_.v t_ll\'micm. .'," 'lt,mpt,r,lltlrc,_ til (I.3 Jtl t)._ K di't, t,a_,ilv I_ll,lrizt,tl in a 3-t_'_ I(1-=1 tic )nag)at,tic fit,Irt al ()3

[_l I.-1 I(.. N/lit'r_l_v,l\'u t'llur!,,y jtl_t _t't lilt' t,lt,t'tnlrl mt_ill
Figure 1. 10talalom-N_in cotllll in solid I)-'1al 3 lo rt'_n,llat't' Irt,tltlt,lltv. i_ tlat.a at_plit,tl, ant ii ali thf tntr'r-

s K, Five hyperfine lines in the I.;HR n<ll ttll'tt'_ ,li't? w_,rki_v i_rtipc,rl.v, lilt' t'lt't'trt_n_'_ will trail_-

Sl_t,ctrtim art, atlded to give tllt, se totals,, l'ht, colder lhc h,lmple, It,r thr,lr ptll,lri/,/titm It_ tilt' illlt'Jt,i.
lhr, Inln'e ,1loins, ,1rr, preht, n[. 'l'he I'.SR frequt, ncy ih t).-I (;l I/.

'll_rt't' b,lsic ttliatlili_las nltlbl ht_ltt tl_ t',lil_,t' <_i_nilic, iilt

. Illltlt,,lr j:_llJ,lri/iit.itln. J.'ir_t, ,,\t, rlltlHt Jltl\'t' ,1 I,li'_t' t'tlll-.
(_(lll

Stll_l_lit'cl 1_\'lilt' II\'driGt'n dit_lllS (i.t'., ctt'tllt'rilllll til" li'i=

" , I,. _, titim ,ll_lna._) ct_n_darill\, be'iii,u, ttli'nlt,cl bV lilt' tr)lit)rh

raclitl,lclivil\,. Ht,clli_tl, lilt, t'lt'c'lr_l_ nm)4ilt'lic i't'l<lx,Llit_il

, II,i, _,_._.__.._..___ ii,. .....,.,.-..-"i_'_' J tiint' rl'tisl I_t' sht'rl' I"t"'"ltlst' t'<lch t'lt'cirtlll IIliist t_t'l'ii'iit'. Iltlllclrt,tls i(i I]ltllih,liltl.<_ til iltlt it,i _t,tltlt,illi,iil\.'. 'l'llinl, lhr'iltlclt,,ir in<l)-Ilt,lic i't,l,l\,llit_ll Iinlt'_ t_l btltll ll_t' lril(_il <llltJ

?l,ll 1!_/_.,_. e.._" i jllll,lril,llillll whilt' (lllltT lllltll'i ,irt, \\',lilil/!,> lhr'lr III1"11.

-_: 1/_" [ Results
,,L____________ __1 li lt, \,t,,,r<_I<,<<4,>I<,I<,St' I_n\'t, _t,t,i1t,_ <_t,<l,<ii i i,1_1,l, it ii ,1i<_

ii ,llil Ilillil I'illi l/_ 11_<',ll_t_\'t' I>i't_blt'ill_ ill Illl' ,it't I'_hil_lt' lt,llli_l,r<llllrt,

ii,,. i,lil _ I,ill).,,t, t_l ", 1_ :4 Iq. \'\q' J_t,),,,ii/, t'\l_t'riillt'i/I,iIl\ ', \villi ru);ll-

I<lr l)-l, \\'l litli i<,<l r,ltli,ililli_-.t.tliiilil_r,llt,<l i11i\tilrt,_l

_



,.."Spc,rcer_t'1":,50 percent n.i_Hc,cular I/)T,and _.,.-,r.i;,c,rcen L T_/2-_/2 ptlls_.'sc,qtlc,nce, A lnrgc, nm_tlnt _1 expt,rin+wn-
1)2,btlt tzlLimaLely,a cl.ic'rnically syrltl.ic'sizc't.imixture t.'on- b.il al.td thc.'twuLIicalwurl< can be,surnmarizc, d; as Iolluv,,s,
tail_il.tgU5percc,l.tt mc,h.,cular DT ga,,,c,tl.ie be,sLresults. The magrwtic m(._mentof tht.' triLc,.t is lhc, large,st of any

"l'he concentration of unpaired eh.,ctrcmswas deft, r-. ntlc'letls, btlt that of II.it, dc,uterc,'_ is cmly onc,-qtiartt.,r a.'-;
Inined by ESI,_at _-i,,:1.(;Fix al.id (),34 "1',Tlwy arc,cre,areal large, Any scheme Ll.iat rem:lets tl.i0 tritol.t I.tme c'tmstant
tw trititlm irradiati<,,.i ¢+fscflid I)-T, 'l'ltc, liSl< al:,sorpti!m hmg enm)tlgh is expt.,ctt.,d Lc+make tl.te dc,tlturon time
c'tlrvc,s were r'neasured withc_ut mc+dulation, ant.i the cul.tslant much Itmgt.,r, bc,causc, the smaller magnetic

Llt+t.,+isWUt'U Ct.HIIF'_+II't'd witl.t tl.iosc, of ruby starldards, mt+unei.tt sl_mlld not illtt:'r_Ict ,is strtmgly witl.i its sur-

I;i\,c, I.tyD_,rfint.,liru.,sspread m,c,r 1,0Ml-l/were added rcmndir%,-;, 'fTu.,sl.iurt tritcm rela×atic+n timc,,.tl.tc,n,
Logt.,Ltl.tt.,atom total. The total atc_rn-spir_cuunts at 3 to appears to be mir rn,.tj(.wproblc, m_
5 K in solid I>T arc,sl.tm.vrt in I-;i_,1. The total arn(.+tlnt.,+ The longitt,:lirml rt.,la×aticm tirm.,sof sulM rnc_let.+tlh.tr
tc) several l.tundret.i parts pt.,r, milli(m, and it Jr.:rc,ases hydr<.)gvn are deten.itir,+,d by tltu eh.,ctric CluadruF+olt.,

with c+Ic,c?reasingtt.u+nperature, At h.+wt.,rtt.,mperatures, irtteractitm (calh_,dtl.io I)',QQ mt.,¢l_anisrn), The sD, des
atc, n'_dit:fi+lsior_is .,-;l_.+wc,dand rc,ct,nt+ination back to the causing the triton relaxatitn_ tirne to slu,,'t+er_is tl.ie ] :=1 "1"2

diaton.tic species is redtlcc,d. sD.,¢it.,s,whM.t is the first excited rc>tatiunal state, c_ften
A dilTert.,r_tbulmvior was fin+lhdbelm,v 2 K, as sl.iown called urtho:l'> lt exists as a rnetastably tn.tpp(.,dSl:,C.,t.ies_

by LI+tc' atom cotlnt takt.,n it; st+HidI)-T at I ,0 tc+,1,0 I< at cryc+genic tempc, rattlt+us, In the liQQ prcwt.+ss,tl.tt.,t.,lec-

(l:ig. 2), 'l'hurmal Sl.,ikc.,ssw,.,pt througl.i tl.ie sv.'-;temwiLl.t- tric quadrul:,(.He rn(.,n-wnt(.+tthe ] = I in(.Hc,cule splits the
c+utal;T,arenLeXph.tnatit)n. 'Flw EBR signal dc,crt.,asc,dfol- J = I rotational c,nc,rgy h.,vel ii.tic)a band of statc,s, v,,hicl_,ii;
lowing such spil<t.,s,and then it btlilt up ag(_inwitl.i time,, separatt.,d l:,yt.,r,.wgic,s close L(.)the NMR c,ner_; prornote
The sarrlple tt.,ml++eraturt_,rc'_sernonac,ntarily tc+5 t(_8 K, nuclear t'c,laz_tiort with higl.t elYicic,l.tcy, Tl.te reh.txation is
and sarriph.,alltll'tllil1_ OL'CUI+FL'cJd,'-';l11011itC)l+t,t.'Jby the mirlirnizet.i aLnbotlt 1% ] = I T-,. Tl.tc,l.tydrogerl attruis in
c'l.tangt.,iri tlu.wrnal t.'cmductivitv. A bi_irstc_l+liglit at liIt.' sc+li_.iD-T catalyzc, tl.te trarlsition from ] :=I to ] -(), btlt
rut-_yfrc,qtlc,rlcy of the sapphire wirldmv was alsc_seen. tlr_fi.,rtLlnatc,ly, the atom rc,cc,rlbinaticm prl.x.iLicesnuw
Wt, bt..qic,\'t.,that these spikes rel:',rest.,nta cooperative J = I T,-,at a constartt rate. C)rw begins with a (),3-s triton
atcm'_ic rc,combinatiun--a dcfflagration wave o1:released time ctm.,-;tarit at 3() M l.lz, and thr., tritiurn n.tdioactivitv
chc,rnical c,rwrgy. Wt_,Inter ft+und that the spikes could b0 h.tkc,_,it dirc,cLly to the (),1-s minirntlm, where, it sticks,
triggc, rc,d tt_ twdc,r by a quick tempc, rattlre rise, They Wt.,explored two ways of ler_gthc, rtir_g the tritcm
ct+ttld also bc, SUl._l:,ressedby rncwe intt:,nsc, cooling. At rdaxation time, One was to eliminate the ] = 1 T2 by
this nt_,rnent, we, du nc_t know LItcma×imtlrn achievable synthc,sizing 05 perc't.,nt n.tolecular I)T with only a t:ew

frc,t._atom density Lhat can l+,t.,obtained belmv 2 K, but we tc,nths of a tTercent ] = 1 '1"> increasing the relaxation
L-+elit.,\'t.,that 1()(1()pF,m may beachit+wable, time, to 1 s, We then addt_,d ncwrnal I 12,and the time

We also rneasurc'd the h+r_gittldinal r'nagrtc,tic reln×- constar_t ilwrc,ased to 10 s. "i'his surpt'ising resull: was
aticm time c+l:the eh+,ctrc,t. This time ctmstant +for the loss predicted by tl.ic'E(.IQ tht.,ory, By keeping the ] = I "1";_
_f magnc, tic erwrgy t¢_the laltice was rnc,asured by the low, but either tlte ] = I 1-12_,] = 1 I) 2 l.ii_h, wt' push the
rnetl.itnJ t_l "saturatitm rcwuvc_,rv," Tl.tc, I"_,'SI,_signal is T2 away frcm.i tl.ie rc,laxation timt., minirnLirn. Using ] = I

rudtlcL'd tt_ ;,'L't'c_bV applying high microwave pc+wet'. I) 2 would, ot; c(+urse, lower the dc,utc,ron relaxation time.
VVethen diminish the t:,c_wur'and mcmitor the returr't rate A second rnt.'thod was to freeze the solid I)-T irt silica
cd the I_. Ixsignal, l+k,low 2 K we found this time tt_ be aer_gc, l nnd carbcm t:oarn, The electric fields on the
85 :+-25 rns. Thc,¢we[icnl calculations by F'edders indicate walls c_fthe, t;cmm break the IiQQ interncticn_ in the first
thnt this ritac, is as long as it is because the hydrc!gen
atom1 eh.,ctrc', is in the s-stnte. This sphericnlly syrnrrtet- .- Figure 2..,

ric state is close to the nucleus arid interacts cmly weakly _,h(l() _ _ .'-.;pikes
with the crystal Ja[Licc,. in sc_lit_iHl) with 2 pc,rc'ent tri, _ ,.,/+_...,,.,.........-ca i!ffectof thermal

tium, hm,vuver, this time is tm the cwder c_l I s. This _ ]_ spikes on Ihe total

4()(}
% atom-spin count in

means that ir_teractit,_ betweL'n tilt' L'JUCtl'tlll mort.iCllt,'-; is = solid I)-T at 1,_ to
reducing the time cc)nstant in so)lid I)-T, Wt.'believe that _o

_; l,q K. The decrease
illcrc,asing LhL, nL_m density will help to shorten the, _ 2{)0 in atom co,wentrathm>,

relaxaticm time, Also, Solem +'has reporteci a time t_l 1 ms = after a spike suggests

iri Solid 111) dtlp-'d with nlolecular (_xygc,n,• 0 [ l J. I ] tl'lat the spike resulls

"Fhv Itmgitudinal, (i.t.'., erlc,rgy-hlss) rela×aLion of the _- () (l' I It)() 2li11. 3ii() nalil,n.fr°111ahlln rec(,mbi-
t\,'¢(_ Iltlch.q in [)-'1" is Lhc'mt),q{ critical c_bstaclefacillg t)LIl" l'ime (rain)

pl'()}71"(inl. Wt' hilVO !q:'_c!nt ,1 years mL!asLIril.tg these time

ct>nstants Li)] pulsecl NMP, using either the n-x/2 cw

1--sI,>/



Srctio;: 6 '* l+'jwrN,I/-Rvh/tedI<esem'c/ttt;ut l)+,+,_,h_l,n/_,J/t
.................. .................................... +....... :_....................................................................................................................................... _...........................................................................................................

,,

twc_layersc_fhydrt_genmoh.,ctlfes, By partly removing 4, A, I Itmig,Svr,wusuUniversity,Svvactlse,N,Y,,prlv,_lc,
c(|mnlui11caiicm(I_J,M8).

thIe rotationaln'..,chanism,themoleculenow Ma×es 5,W,I,,I'iIIingt,r,.I,II,IIt'NtM,t's,and.I,A,I_,lalr,'"I'rIlltlnt
moreby themuch longerspin-latth:emechanism,This IM'avI,',rwr_y,"l'hy,,,l<ev,121,232(1%I),
techniqt_c, increases the triton relaxaticm time, fur a litin 6..I. (+.gr,lyre, "l)y.,_nllc I'tdarlz;lllorttq I'rt_[t_usural
layer of the regular I.-)-Tto 18 s, lI)titltl,,r(+liSii_Scfli,:ll)eult,rlulrl I Ivdridt,," Nt+¢'l,lI#.";lli'iI//i,

A.'Mh, 117, ,:177( i tj74),+

Title FuLtlre 7, I', (.+,St,tiL'r,'-;,E. i_,'I,l;t.,at't,II, l!',,l,t Mal',tdt,s, 1, I), _d[tI,I',(;, W, (kdlirls, .I, R, (;alrlt,s, R, 11,Sht.,rrnan, ural J, R,
l+lartlit, '"l"rittm' Mt,morv 'l'imt, ill Btdld I)T a.rltl its Nm'lt,ilr

We plan to purify 05 percc,rtt rrlolectllar DT to yo,<-J<:Jpc,r- I'¢,larizattcm,"I:'u,Wtm'/i't'h, 14, 855 (ltJH8),

cent cm art adsorption ct+It.lhtri, A tritort relaxatit+n ritac, .....................................................................................
¢_1lC)()lo 10(10s is likelyl The tritium radiationiwill, how- , Figure 3. I)ecrease ofthe triton NMR signal It;
6ver, prodtlce rtew ] - 1 T 2 and di'mirlish the advantages 'J3 percent molecular I)Tas tt decays at

of pure DT, The rate for this is Seen in Fig, 3, which 5,1 K to an equilibrium I+j.lix{if DT wllh 102 and T2, Two t:msslt,le
' chernlcal equilibration schemes are shown, The hot-alom equllibrl-

shows the NMR signal height for <-J3percent DT, The urn, wtth the shorter I,10-h exchange time conslant, Is probably tilt,
decrease, in signal represents the COllversitHl of DT to I32 more likely, The experiment was ntfl run long elmugl) Ii| dt,,-,tln-
and T2, where the ] = I specic,s is converted fairly cluick- gulsh between the two,

ly to ] = (), A "l'Lt+t-att+rn" equilibrit.lrn witll a 14(1-h time

ctwtstant is considered tt_ be a likely rnecl'mrtisrn, This l '_....

would translate toa 2()-rain lifetime for superpure DT, (I,x -_c___f_oo%°°°%00 , rht,r..d
,._ (},('l -- I]EiEif3 OOOOOoo O ' O Oi O t'qtli!lbl+itlln

O C)OO C'CK)
_ta El El t'J oOOoooOOTIlls +l,(,rk+l,ttsStil,lJorh'dbi/tilt' Wt'alJolls l+ro_l'alll, '_ '• ,._ , [31_3

/lls/ililtiolltll lCt'St'a/'t'/I ?.¥ LI)CUt'IO/;IIICIIt,tllld tilt'/llCl'tial _r+ll,4 - , c_nt-_ cl
• ' ElEl El ElCo#ll'illclllCllt l:llsiOll l_l'O,_FaI#l. '<7, r2c_

I It_t-aJtm_cit]
[-'1
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A pvogva_uisu_derway I'odevehW a high-h'vel_tucleav-waste
disposalcoutaim;rforHrepn.wosedYuccaMou_ttainveposi£ory
i.Nevada, Corvosiouappearstobetheprocess.tostlikelyto
degrade such a wast,e container, Our stmties imtical'e tltat Alloy
825 (an austenitic high-nickel allo!/) and CDA 715 (Cu-3ONi) ave
cuvretttl!/ the best choices for the _ttetal coHtaitter in terms of
vesistattce to corrosion, An alternative materials program has
been l;roposed to attgmettt the material selected _7irHie cotttain-
ers, if necessarlt,

In trod uct ion l')iscu ssi o11

Irt,l_-,li'icl laicl,,c,I-h,_L' ,ill,_lc'nitic ,llltiv_ ,li'icl Clll,l:v,r-b,l._t, ()tlr iilx'c,._ti!4,ltil_nt_t lhc, \',li'it_li._ mllclt,,__ll Ct,llt,lii'ic'r

<llll_\'_ ,iri, Iv'in!4 c,\',llti,llc,cl <is c,lnditi,_tt,i'i_,ltt, l'ial.<_ t'l_i' tab- clu_,,l'aclali_li'i .,ih_lw_ lh,li t4t'ilc, r<ll cl_i'i'o_it_il ,li'icl tlxlclil-

i'il,llitlil t_t i'ilc,lal c'_i'it<liilt,i'_ tllr lhc, k'iic't'<l Mtltiilt,lin titan cll_ nt_l al-_l:_c,,lr Iii Iimil th_',ll_l_lic',_ttl_i_ t_l' ,_n\' I_l' lhr,
l'rlq_,ct, 'l'lw cc,iliaillc,i'._will ht, ti._c,ctii_ cliHx_ill _ iii hi_h-, t',li_did,_t_, i'l'i,ltt,i'i,ll_," I ,t_n_-lt,l'i'i'i t,\ptl._tli't, tit th_, cal'icli-.
lt,vl,I i',ldill<lctivc, _,_,',i._lt'<ii lhr, i._l'lll.X_l,d "l'tlCc',l Mtlunl,liil cl,lit, il'ialt, ri,ll._ iii t't_t'i't_.,.iivc, w,ilt, l' ,1t _il t" ,lllCt _lt,,'ii-l'i ,li

_itc, iii Nt,\'<Itl,I. l'lw Ic,acliilv, c,li_clict,lic,.,, I,-_.wt,rr, ._c,ll,c'tl,_t It)li (.' rt,\'t,,lll.,d nt_ Iimitatit'a._ itu' <1m,_jllrity tit thf

l_c,/',lu_c, t_l tl,,,il' g_l_tt t'twi't_itli'i-rt,._i._tili'ic't, i._i'lltx,rtit,._, i'il,ltt,ri,lJ._, l'hc, _i_,,l'iilic','ii'ic't, i_f tht,_t, c,xj-_l_tll't,._ i_ bil_t,cl

lilt'ii' wi_lc' li_t, ii_ lilt, n'ial'illt', ill.ii'lr,ii', ,liicl t_l'tWt,._s ii'lclti._- i_11tht, ir l't,Jc,v,ll'it't, li_ rt,l_t_silllrv-t,l_li_lilt!C,l'i_c,l'it c't_rlcli-
tric,_, ,li'icl tiwi,' rt,<l._t_il,ll_lt, c't_t, l'hc,st, i'il,_tt!ri,_h_ arc,: til_i_, I,_actit_ac'ti\'c, tlt,c,l\' t_f the .,-iltlrc,cl \va_lu will rc!.,-ililt

i • 1'$'t_c,._ ),li.li. ,inel ._ll_l. _l,linlt,s_ _ll,_,l._, ii'i ._til_st,'intial h,.,at ii',lil.,-;tc,r til lhl, _tli'l't_tlrlU ii'ii.',.'-;<liicl ii/
• i\llt_v <"_:,__._, t2_iililll]i'i l','icli,ll.i/in, t,'tlr wil_it, j._,lt'Jt,l_c,_i with lhc' hight'._t
• t.'l ),,\ 1(12(tl\.v_C,l'i.-.irt,c,c'tlt_t_t,l'), the,rra,li tll.ltl;_tlt, thf _tirfac't, tt,naj:_t,r<litli't,i)t lhc, c'tlilldin-
, (,'l;)i\ (_13((..'ll-.7/\l), t!r._will i'i._t,til ,1i_c,ak_ll <lb(_tii 25()"t.', l'hc, tt,rlll_t,rattirl,
• (.'I)A 717_,((.'ll-.,-_(iNi), will c'll'/_l_ii> ,lh(li.li 15(1"t' ,l[It, r lll(I vr </l'ic-Iwill t,(.iniinuc,

\\',l. lt, il'i lhc' Ilwlll._ til _t_t,ilt lill_"J ,'i._._'mhlit'._ I'i't_ill rt,,ic'- _li'_G_t_ing_l_wl\',
l<_l'._,li'icl l>_,l'll_ilic,lt/,_,1,_, _vill lx, _c'111tt_ iiw l.mltx_,d I>tlrt, c._t_lx,r ,-Intl ,lli.lllliiltll'il I>rt/i'i;/,t,did _,xhibit high
l'_,t,_iltw\.'. l'ht, cl_i'il,liilt'r.<_ inti._t ht' rc'ii'it,v,iI_Jt, Itu' ._'_()vr _,t'l'it.'raJ c'tll'i'll_itlll r,llt'_ in lhc, walt'r 011Vil'tllll-l'it,lli tt_r

,libelt'\hil,il _tll:_._lai'i[i,lllvc_,_'it-qt'tl'c't_i'ii,iii_lTIc'l"_[I'/u'3(iii iii l.'Xl_/l_tli't,._t_l I til 2 vr, I Jl_wt,\'t,i',,iii i_t lhc, <lti_it,nititl
I(1()()\'r f(,lh,wiilg i'c,t._l_,_ittlr\'clt_,_ui't,,',,.1 ,lllt_,'._and thf (.'u-.3()l"qi,lilts\' t,xhil_itt,cl Itl_\, _,t'l]t.'l'ilJ C'()l'-

, ,"\Ill.'," c'i'ilt'_l,lct'i'nt'llt t_l' lhr' C'tull,lillt'i'_ in lhc' rt't_l_sittwy, rl_._il_il r,llt'_, Thl' tll._._,i'\'l,iI r,llt,_ wilt,let nl_t i't,_lill iii

lilt, c_lill,liilt,r il'ii/tt,ri,ll_ _'tuilcl tlntli,i'_t_ ,lllV iii ._t,\'t,r,ll jx,nc, ti'illitli_ til I ll'il'i'i in l lll)() vi' tii'it;lc,r th_, t,",;l:Vl._lll'c'-it'.'-i[

rlltlctc,.,., i_l clc,<vi'illtiltit_l_, _i 'l'llt_._t'c'lirl't'nllv uncll'i' in\'t'_lit_,',l.- ctliltlilitlrl._ ctt'._c'lii:x'cl ,ilxl\'t', i'

lil_n ii/<lliltt' ,ltil/t_nt_ilt'l'ic' tlxicl,ititu'i; )4/,rlt,r,/l ,ltjtlt.,tltl_ \'\/t, itlt,nlilit,cl cll,gl',lcl<ltiiln j_Jlt, li/ll'i'it,lld ila/ltir lilt,ra-.

c't_il'tlsi_l/' \',liitltl_, illl'n'ib t_t llw<llil_'d c'tll'i'tlsilli'i <llll.I sll't'._.<._- Itlrt, ._!.ll'Vt,\ ''_ lh,li c'tqllcJ j_rt,t'ltltlt, _/llllt, til lilt' c',_i'ictidiilt,
t'tll'l'tl!-;itll/ c'l',lt'l,.ii_.', Irlic'l't|J-_itll_gic'<ii l.'tll'l'tlsillll; tlw t,t]t,t'i._ I'i/,lit'l'i,ll.<_ i:rtllll ItlrlJlt,i' c't_llsictt'l',l{il_il, I'_lth 'l'\,l_t,s3ii,li,

, I_l l/\'<lrl_i-C,li; tll/clt,_ii'<il_h, t_ll,l:_t , [l',ll'i.<_l_ll'il/,llit_ll,_ ctllC' iii ,I ,lilcl .llbl. _[,lil'ilt.'_ ,,-ilt,l.,l!4Wt,l'l, iltlit,cJ iii [_t' _ll.<4t't,j>lihlt, Iii

lill'i,, _t t_lhl._t ' _',l,ll_ilit\'; ,illtl llll' t'tlt'c't_ til wt,lctirl!, ,. l'hi, ._ll'/'_--t.'t_i'i'tl_illi_ c'r,lc'l<.il_,, iii ,ll'i/_\ictizil'i,l_', t'lIVil'lll'illlt'lll

il_,ilt,ri,II _'l_'t'lt,cl tiwi'c'llill,lii_t,l' I,ll_i'ic,llitu'i will lw l_,/_l'cl t'l_llt,iiilil/)- chll>ri_l_,i_ll_, ,l_ _ll_lt\'il ii/I,'i,l,, I, I,'lli' tl\$,'_!,/'ll

tilt <i <_ill'\'t'V til iili' Iili,r, lllirl,, t'tii'l'tl_itlli tt,_lii'i!.,, ,li I,I,NI t't_l,t't,i_lr,tlitli'i.'-, tilt tilt' i_i'ltt'l' t_t ,i Jt'_v t_,li'll, Ix'r ii_illitlil

,li/tj <.iiil,t t_llli,it'll,i' I,l_.iliiil,<,, i_rl,tlictit_i_.<i Irtlll'i i'i'illtl/,liri)_,,, (l,t_m) ,llltJ <'llltll'ictl' t'llllt't'llll'<llitlll_ ii._, Itl_\' ,1_, 1 JiJ_lll,

lil_' ,ll_ilit\' l_, I,ihril,ill' <ii'iii < Ill,lt' (w/'ltl) till' t'lli_i,liilt'i', IWt'- Ix_tll 'l!.,'l,t'<, _11,-tl.,liltl .llf_l. I'\llil_ilt'cl _ r, lt'l,.iil).!, <lilt' Iii

\i_lli_-_ t,,,.j_t,rit,lltt, willl lilt' Ili,ill'i'i<iJ, ,lllcJ c'll.'-,t, cJlll_ri<ll,--illllilct,tl _tl't,._i<_t'lll'l'_l,-;itlll. III <'tlllll',i_l, ,'\11_,\'<<';;:>_"_,

cli<l lltll I,_il li\, _[l't'_!+-c'lli'l'll_itlil t'i',it'kili).,, ,ii lllt'!-it' t'tlllt't'il

li',lli_i/_, I_l ti\$'!?,t'll ai/ct _'llh_i'illt'.



Scc'lic_I16 , lillrr,_'t/-l_rhtln! Rrs_'_n'll_lJld l)_'<,&_/mlrJll

Stress-corrosion cracking was also noted in thf Iltera- pl I,/ As Illu_trate_.l ill i"igl 3, which b',ive_ the Ih_tll'b,llx

tun: for the col.',per-ba_e alloys in certain envh'onments, diagram (pt_h,nti,al vs pl I)I_r flay NI Irl ["J(-'}"(-'trl_V_tet"[l,
Iqgtlre 2 illustrates the effect c_I:alloying-eh.,rnent cor_tt,nl n slnf, uiaritV exists at ,I pl I t,f abt_tlt 7,3 ,lr_d ,I t',_>tt'nii,II
(11"1the _LI'eSS-COITOS[tH'I I'esl.',4tal'K,e of alulllillllfll bl't)tlze ' li[: ,.I[K_LII 275 mV (!_hlrlclard I_>,dr_vl_ ek,Cll't,dv), 'l'he

and copper-nickel alloys, Note LImt the tlrne-lo-t:allure passlvv film at the tlp t,l slress-.c_,m,sl_,n era<ks Is
due to stress-corrosion cracking in an ammoniacal envi- rnetastable uncler thest, cL_mliti_ns, ('Ol_St,qttenlly, stlt'l_
ronrnent decreases d ral"natlca lly wt th increasing a lu- envl rort men ts prr,finite sttess-com _si_,n crack pn T,aga-
rnir_um content in ahlmtntlm bronze, At an alurninurn lion, Ik,rtunately, the C_lnt-,_',siti_ms _,1( '1_A _ 13 and
c_mtent of ablaut 1 v,,t%, the titne-to-falh.lre reaches a mir> . CII)A 715 (see l::lg, 2) have been _q,timizt,d t_ minimize

trnun_ for alurnlnurn bronze. Copper-nickel alloys ferc, al Stlscepttbllity to stress ct,'rosl_,n in moist ammt_nlacal
a similar nflnlrnurn in time-to-failure dtle to stress- environments.

cormskm cracking il_all aqueous ammoniacal ellvlr(}I1- Ali vxk,nsive stt_clv ¢_fp(,tentlal mt,th(_ds (,f fabrica-
meat over a range of nickel cor_tent from about 5 t_ tton and clostlre of the containers has recently been
10 wt%, as shc, wn by the lower curve in Fig, 2, I-lm.vever, c_,rnpleted,_, _ The rneth_n:ls identified as practical t'_r
the Cu-30Ni alloy (CDA 715) appears to be lnore resistant fabricating waste containers inclt_de r_ll-and-vveldc, d,
to stress-corrosion crackl ng than are the other copper- spt r>forrnecl, ht_t-ex trtlsi_n, a nd cen tri ft.lga l-castir_y, prr>
base candidate materials (CDA 102 and Ci)A 613). ces_es. The closun., methods incltlcte lm,rtial (friction)

There is also a possibility of bio,logical activity in the welding, plasma-arc welding,, and electron-bean_ weld-

repository, In such nn event, microbes could generate a ing, Methods for rlol'ldesirtlctlve evaluati_m of thr, final
moist arnm<miacal environment ha ring nearly neutral clostlre seal of each container are also under study,

Figure 1, Alternative Materials Program

Susceptibility of I0_ Alh,v _'_,.''_/ Additional design and analysis, rnay _-_uggestthe use c_t
Types304Land 3t6t, / at1 alternative material t_ augrnent the rnetal selected

stainlesssteels to \. " m for the corltaiflers, Several ct_ncepts ctlrrellily UI'IdL, I'
stress-corrosioncrack- II)" -- • ,, ,,,_ consideration include cerarnic liners, application of
lng In an oxidizing \ • eenvh'onrnentCm'ltaln- "= • monolithic graphite lmels, develol:,rner_t of a bimetallic\
lng chloride Ions, In ._.._ 10 _ l'ype._ 30,11, c(mtaln,.:r employing galvanic protect J(m, add the rise of
contrast to these alloys, _ N_md 3161. o filler materials in the metal ct_lltail_er,

Alloy825does not fall _r_. I --_"_"".--...,.._o,_, The alternative cor_tainer concept proposed is an
by stress-corrosion ...G _ insert within the container shell that will act as a sup-
cracking at the concen-

trathms of o×ygen and ] • I:ailure plement to the shell wall, ii lleeded, The colltaint,r shell

chloride shown, 11.I _-- o will be selected from the six cand idate metals described
o o No failure o above and will be ch(_ser_ to provide protection against

10 :_ • l. I.. I the expectecl site environrnent, The alternative pro..
(_.1 I I() 1()e 10_ vicles an extra margin sh_mld different er_vironmental

Chloride (ppm) circumstances be encountered, Such circtlmstance,_4

could include rm_re water thar_ expected, rm_re aggres-

Figure 2, wt'_,,aluminum sire water chernistry, higher loads than originally pre-
o 2 ,t 6 s dicted, or new containment and release requirements

Effectof alloyh'|g- 5(I ' I ' ]'t _, ] ' I ..... n(_t met by the ccmtatner shell,
element content on i_ The alternative materials concept addresses the
reststan*.e to stress eor- _ 40 _ _

roslon, Of the copper- '_ " technical uncertainty in the repository program as
base candidate alh)ys, _ 3o well as the uncertainty in nleeting the performance
CDA 715 (Cu-30N{)is n goals _)t:the waste container, The alternative materials
the most resistant to _ 2() program also permits the licensing Schedt.lle t() be
corrosion, _ maintained by prr)riding licensing conse)'vatisrn

,_ through a reclundant design,
b..,

0- _ I , .L. _ I
I0 2() 3()

wt% nickel

I _1/I• o.
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SunlnAary i.,, I,L I}, Mt'('rlglll, W, {';, I I,IM,v, ,llltl1,4,/\,Van l<{.wrwnbtlrg,
l'P_7,_rP_l,h,lJcJrl{ni fill' l_,P;_Idl/lq7i':diIIv, A h,ala'Pil {_i_Jlci'lqlud
I¥d,,,.,tlA/Mal lhlrriPr Mah'rial.,; t hah'r l,h'h'_,_t_IIl,'_l_,ir_HPHPtlhtl

't.'r{',sl_n is ,.'{'.isldert,d thf l',rt..'t,ss rnt_st llkelv t{} t'imdili{,ii.,._Iiw a 'lhll l,h'l_:_ihwy, l,awrellt't, l,lvt,rrnt.'e
degradt, dh_pc,s,ll c,{,ntalners I{.' hlgh-luw.,l radIt.R:tlvt, N,itl{._al l,,ibt.'att.'v, l,lvt, rnu.'u, t'allf,, I..!('11"}-21{I,1,.I{it}87),

v,,'ash.,al tlw pr{T,t_sc'd rt,p{_sltory II_ Nevada, II has 7, J, c_',l:arm,.,r al..l R,'D, Mct'rigl'_l. "l,t..'allzt,d {'{.'r_sl_m

l",,.,c{_nwapl',arvnl, lrt_n_ If'.., tr,sl data des,,.'riL',,,.,dal._tv,,'c, aBd Sirt,s._('_.'r{_Mt._ (/ra_.'klng t}l CaildMalv MaR,rlals ft.'
aim lr{m_ atltlltit'_ru_l ,..lata l',rvsel_ted In t}tlr [il{,raLurt, stlr- I llgl_-l.evt,l l,_,..ll_i..,tlvt, WaMv l}Isposal Curltalru.,l's In

U,5,: A l.ltt, rattlrt, Rt,_ ew,' prust,ntt..l al A/IR_.;C'_m/i,rPnci',
rc,v, thai the ,,.'andM,lle mt,tal barrlt,r materials uxhiblt /]cHin, {}ch,l_Pr 1988,
lirniR,d t'angt, s {}I t'c,,_islaiwt, tt_ t'{.'rtMve t,nvlr{_nrnt,nts, K I(, {), Slc,in, II, A, l){.nlar_, R, I. I l_lbr{_t_k, and I}, I,',

'l'Yl,us 3{b-ll, ,ir.:l 3 l{.il, s[iilnh.,ss sR.Pis ,Ipp,.,ar tlnsulLable LaCt_unt, I'd,rh'alioH lh'I,Hi_l,mi'nl ti,r_li,k,h-D'_.,d Niic/,,ar

ur.:It, r L'_t_tl_the t,xp_.,c'lutl c{_ndlti{',ns and {_tht,r, It.m- l,VastPC-'z,HIilillPrs/i,r fliP l)llI' l_.z'l_{t_ilorlh/'hasp I l'ill_ll l,h'l,orl,
l_abt't.:k & Wllt'tP,,, Alllanc't,, Ol_It_,,IL,\W-2{}I{} { I_..)87),

l:,r{_baL',illly c'{_ndilltms, /\llirnlrltlm bi'{_i_zt, and pure, '-J,K, {}, Sluln, E, W, 1,6_bltz,M, D, Mt'/\nln,.:h, and I), I',
t't T,l:...r ma v bf, usable tnnd ur lhc, crmoIii l{}n. ex l:',t,c:led, l_drnt_l_ds,ClosurP l¥Pd,,pnl,'lll/i,r I ligh-l,,'_,H Nuch',o'
btit tl..'v dti not ,il:T,ear satisl'acttirv for low-l:n'{_bablllt.v l.VasleC'{,llhtiucr.qli,r lhPIll fr l_.Ppo.,_it(O,ll,l}llilsP -i lillal l,h,p(_rl,

ctw..l ii i{ _l'_S,A l ltB/s825 ,irld CI)A 715 appc,ar accel:qabh.' Bal'.:t.:k & Wllct_x, Al llance, Ol_it_, BAW-2LI0cl(I _}87),

tinclc,r tlu., ,:{_ndllit_ns UXF',ectt,d and Ln,:iv b{, sultabh., ft..'

{_tht,r t,l_Vil't)lllFltTllS iL'-iwt, II, lTigLlre 3, Slres._-ecn'rc}sltu'_cracking rff ec_pporIn
m{fl_l arnrncmlacal _11%'11'{)11111e111.4o¢¢Llr,_ al

"l'/lis 71'lu'k_I_tlssllpl_[}l'IPIl bl/HIP _'II{'{'11A.'l{}illlhIDl l}l'{ljP{'l. Iv.'{ipl l h.:velsl 7,3and 11,3, The cmnpc_sltllm._{if candldate allclys
• CDA 013 (Cu-7AI) and 715(Cu-30NI} n'_Inlmlze susceptlblllly til

i'lqlh']l #_lllIlllIl_q'd b,ll fliP YII{'I'II A,'l{)llllhlill l}rcqp{'l { }ffh'P oi slressc{_rrosli.'_In such elvvh'{mrnenls,
I/Ii' I}C }II Nc_,_iihi c }l_Prali{,il.,.;( }ffh'P,
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.I,ivt,rl_llrl,, {'alil., L_.I('11)-213f_2{ It}88), 8 vi}Is. ,inel
{ )vt,rvii,w.
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't.'ll_'i'!'i i.'..',Is'_' S,', l\'l,Itt't'i,ll,, !',_'i_'II_ _' A_il_'_,'l_J'_ll_ '

A,_,_twlai_,l)lru<t_r Iiu' ('hemlstry &. Ivlak,rlals ,'-;c'l_,ll<_,

I,, _chwarlz T, 511_lhar,1
I.X,ptlty i\s_t,.'h.itt, I)lrt,ctt_r ft_rAtlmlr_l,_tratl<u'_ I)t,ptlly As_c,.'hltt, I)lrt,ctor ftw I,_e_t,arcl'_

I), I.,aC_,tirtl,,._ .l, Kt',lb
A._._lstal_lAss_wtatt,I)irucL_wtiu' I_l.,,_l_tli'c'c,._ A,_sistaz_t A,_,_lcldtt, [)lruclt_r I'_l'

. Wc,i_ptms I'rt_gram F,uppt_rt

Critical Facilities Division Leaders

M, 51nglott,n Irl, l:lu_, ('t_nclt,nst,cl Matter ilnd
"l'rttitlml:iacilityMan,_t.,r Analytlc',ll Sclc,nct,s l)lvl_hm

A, "l'tw .I, Kass, Mattwhlls l)ivi,_lt_n
IGuttmtum f;aclllty MdllOgt'l'

.I, Richardstm,(?heroicalSc'lc,ncc,,_l)ivlshm
Directorate Staff

Administrative Staff
.I,(-iarnl._l:_t'll,K, t,:rnst, .I,.l_hn_rl, .A,Mt_cl_;,D, St,i_ttm

I,, I}rt_wn,(;, Mclc,stas, B, I'ar,_shis,Y, Villa, I:i,Waller
Irl, Alitmbach, K, (:ornm_m,1;,tickt,rt, I.,,lilli.,.;,1.:,,(;allan,
M, (;ovt, rn_u',S, Wooflard

('l/_,rl_i_',ll !...,ci,.,l_,e!..;I)i,,,,i!.;i_ll_

I, I_,icltarcl,..;t,n,I)ivl.,-;]tml,t,,iclc,r Admtritstrative Staff
J, t\ckt, rl-l-larl, IOc,puivi)ivisitm l,c,adur
M, Schwab, Z l)ivisicm l:i,Mc/\rthtlr, M, l,vwis, Ii,/\llerl, I,, I']t.lrkc,,

I), (_iltll'(irlildtl, l/x, (.]rut% I.,, Itlcks, li, McCl_lh_ugh,

K, Bl._urlin, 14,"l'rua[, C, YI]Ztlll't,a

Chemical Engineering Section

(', 'lTuwsnus.,-; .I,l)ii'iz Ii, l,illuy I£,'lhvhlr
5t,ctil_nI,t,aclc,r I), I,'ic,lds S, Mayt,r I), 'l'la_nlpst_ll

K, I;t_slt,r M, Mc'(:lt'lhlnd R, Upadlive
i, I_li'lilt'i_ I), ( ;1%%_ !,, M tll'lJ,u iii Y, ZilllClt'lt'vich

A, llUl'l]halll 1£, I [ickllliin II, Mlls_l'ilvt'

I), t'amp 14,I llmasy M, ()h
I_,(_'t,na W, l lili I_,Qtii_ng
(.', (.'ht'l_ I<, I<in_4
I. (.'rt,ightlli_ M, Kt_/.h_wsl<,i
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Hlghi IZ,xplo_ives Technology Section

R, %ln_l:;_tm I:()rrrlulalton arid ,_ynthe_l,,¢ M,tterl,tls
Huuth'Dl'tI,u,u.lur I'rm'e_tng Characlel'lzalttm

c', C't_t_n,(;rt_tll, I,t,it_.ll,r
I!, I,uu (i, I'rtlnu_.l,1,( ',rt'ql[_ I,t,ndt,r 1",,lu_.q, W, 'l'n¢_,C',re,tit, l,t,n_.lur
R,Mc¢,.;ulru W, I]lnuk A, Mllulu.,ll I,, I;rnhtn
K, _crll_m,r I,, I)nniel_ I', I',IFt_vi,I II, ( it_l_l,c_l
(', 'i'nrvl,r K, I"t,'_lyuu (;, fVlt,L_dy

I,, I,t_,.,t)tutn 'l"l_eory and Mt)dc.,ltng 13,(.)rt_ullas
Inltlattcm and l_ett_nattort K, I'udur_t_n I,, Blml+_t_n

' I'evfovm,_nee W, ,"4iindurh_nt.I 13¢(.'nlul', (',r(_ttp I,L,n_.lur
Ii, vt;n I It_ltz I), Aldl,_

I,, (',ruon,C.',rt_Ul_l,un_lur c.',Walkt_p I', ('r,_wl't,'d
I), I'lrulll_ntlpt R,Wl'_lpl",lt, Irl, fvlt_rlfl_y
"1',C.'_,_uk A, Nk'h{_ls
1:,I lulm .I,Wnltun
¢.. I,uu
Y,,Rk'u
I', LJrLiuw

Physical Chemistry Section

1',Hhull A, (..'_',c,k 1),.laul<s_,t .1,I't,t't_
_uctl_ml,uadur I",C.'._.,,mu.l_ A, I<.,_I'_ l, I,_,.,

M, I')r_,L,F,u I I. I,uMur R,_4¢11111ur
R,./\luxnndur I{, I laundlur 1), l,ut_nnrd I,, Slr_ullmnn
P,,l_nkur I.,,llatr 13,Mllh.,r ¢.',Stuvun_
_, I:_ucl<luv C;,I latt_un I:, Mlllur _, F;IL,wnrd
W, I+urks 1],I loMur R, IVl_n'ri._un N, Htt_t_t

W, C'(mnway !+,IIrubt,sh I), (_lnu_,_

I'olymers Section

5, I.,utts R, Cook I:-M, Kc+I1)', (',, ()vt, rttlrf

5uctiun l.,uadur .l, l--latter .l, l,uMay R, l't_,l<nlu
M, I,l¢.fl'frnan I:,N'latthuws Ni, I,_ilt,.y

C, Alvtst_ K, II(ing I_,Mum:l_xa .I,Sntcl_ur
.I,Carluy 1'_,I lupl:,er I{,Mcmus '1','l'ilhflstm
1,CI_ul S, I lulsuy .J,Niulsun I,, Wuukus

Tritium and Hydrides Section

(;, St:_t.lur,,4 (], (.:cflllns R,(;arxa ,+4,MnyhtiFh
St_,uticmLeader J, Ernig R, I lal:m,r I:,McMtlrlfl_y

R, l::ailc_r R, I iudstm (;, Mcn'ris

I', i}arry ti, l:uar_._n R, Karma R, 'l+.'.+ut_,nw,_
.J.I]cw_,urs !".( ;art:,ia .l. Muiun,'.+cht.,tn

/ I.+,
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('(plldt'l.l.,,;t:d M,llt.t.,n' al',t:l Analytit.':_l ,'-.,icit,,I,t'e_.:_I)ivi.,.;i_,l_

M, I-:ltJ._s,l)lvtsl_n l,t,aclt,r Admtnls'tratlve Staff

R, RI0zsa, iX, ptlty I)lvlsltm I,uadt,r
K, Mvl)owt,ll, R, Quiglt,y, D, 13akr,r,M, (_amclt!hc_,

19ivisiort Staff R, C.,_flt,naan, K, .]atltalkls, I,, Mcl'ht, rst_n, N, l't_gy,lc,,
(i, Watstm

(;, (.'a rn l._bt,ll, M, Elder, .I, I:iscllur, A, llamza,
.l, I lirsc'lateld, J, l'yper, .1,'l't_bln, M, Wat t,rman

Analytical Chemistry Section

V, Ovvrsbv Lasers/ICP Energy/Environment Weapons
/\s_twiatu Dlvi._k,n l,t,aclvr

1_,/Vltllt,r, (irotlt3 I,uaclt, r R, C'rawft_rd, [l, (_,rt:gg, (?il'Ot.l]._l_traclt,r
i'ltltonlum .], I)trYort.,t_ Grt_ttp Leadi,r B, Armstrtmg

T, l)uewer A, Alcaraz W, Bovlv

.l, Magana, (;rc_ttp l,t!acler I_,Elgpvrscm R, Btedfc,rd J, I lapper
I) Del (;itlt:lict., R, IJm .1,Clarkscm C, Strlckland
(;, Rt_bt!rts 5;, Ix_mbard T, C'oburn R, Ward

I_,Wallact, W. Morris I, (-.?tlplgs

W, Wvin C, O.ttt_ .1,l,indsvv
I:!,\'Vt_rclt,n 13, l'tlgh C, Morris

.1,I,_c,),rltqds .I, Nt.,wttm

R, _qwansigt,r
Z I ivlsxon/Gas

Chromatography-Mass Solutions
Spectrometry

.l, I larrar, (;re,up lx'advr
R, I lawlt,y-i;'t,ddt, r, A, Bul,ue

f.;rt_tlp l,t'ader N, 13utlt,r
1"_. A llt[ re,,-;t,n A. Ci'olatWt.'l'

1,. l:tqlvs .l, IX,ering
R. (i;hlss I,, Rigdon
.1.I la,'ls W, _elig
S. M_mac_
R, Sanborn

Materials Characterization Section

R. Mt, ist, l_ht,imt, r Particle Laboratory Electron Microscopy
Aclil_g Asscwiatt, l)ivisi_m

l,t.,adt,r II. Newkirk, W. King, (_mup l,t, adt, r
(inn_l_I,eaclc,r W, lk'll

Surface Science K. (it,Is V. Clat, n
b', I:at:lt,ff

('. (...7(11lflt,lail t't',q, X-Ray l)i ffraclion 1). N/lc(?tw
(.in_Ll]9I,c,adt,r (;, Ntltt

M, I}al_t,t:la (;, b'mith, (',n,t_l_ [,t,adt!r 1'. ['t,rrv
A. (it_nm>r Q..l_lansc_r! M. 5atllt,r
(.', l,',vans 1,.5tnmrm,rs (.'. Vi_dt,l

W. 5it,khatns I. '_"_,shiyan_,_
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Condensed Matter Section

M. Weber Crystal Growth and Electron, Magnetic, and.,

Associate Division Leader Characterization Optical Studies

Synchrotron Radiation J, Atherton A, Gonis
.I.Cooper M, Guinan

J, Kinnev I.,, Davis P. Turchi .

J_Wong R. Reibold
E Wang

Materials Division

J. Kass, Division Leader , Administrative Staff
A. Lingenfelter, Deputy Division Leader
L. Newkirk, Deputy Division Leader J, Strickland, l.,.Jones, A, Moser, S, Cowan, J. Gomez,
T. Barbee M. Manipis, 14. Meredith, J. Prince

Physical Metallurgy, Joining, and Coating Section

M. Kassner Joining Coatings
Section Leader

J. Eln_er, Group Leatler D, Makowiecki, Group

Physical Metallurgy M. Gauthier Leader
D. Hoffman C. Alford

G. Henshall D. Kautz C., Chert
R. Musket B. Olsen R. Foreman

N. Nguyen T. Ramos R. Juntz
C. Price M. Strum N. Thomas

R. Rosen L, Wagner
M. Sluiter H, Weiss

L. Tanner B. Westfall
M: Wall ..

Metals Processing Section

G, Gallegos Forming and Processing Metallography Deposition
Sectkm Leader

W. Ba rm()re R. Kersha w,. A. Barfknech t

J. Hanafee R. 13urns Lead Metallographer E. Randich
A. Jankc)wski M. Coops J. CanfMd E. Stiles

J. Huang K, Miller R, Wallace
L. Keene 1-1,Olson
P. Landon
T. Quick
E. Raymtmd
E. Sedillo
M. Stratman

W, Thaver
S. q_)rres
__... tl "IL'I L°I 1

D. Wood

/.1-
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Plutonium Technology Section ,

A. l,ingenfelter Plutonium Technology
Section Leader

R. Cond it, Group l.,ead er

SIS Technology J, Furr
R. Gome2

C. Care D, I lagerty '
'L Crawflwd W. Kuhl

D, Hays R, Krueger

19.McAvoy \ Mason-Reed
13.Vallier

Ceramics and Composites Section

R, l._andingham M. Costan't:ino J, Marion Polymer-Based Fiber
Section Leader !_ Curtis R, Otto Composites

C. t loenig T, Shell

Ceramics B, l-tolt A, 'Fesar J, l_epper, (;r(mp Leader
O, Krikc_rian W. Weinland I_,Chaio

W, Gourdin, Group Leader !'. Lewis K, Wilfinger R. Christensen
S. Aceves B. l_um S. De'lbresa

C. Anderson T. Maclean R. Lyon
J. Matthews
D. Schumann
W. Steele

Corrosion Section

A, Lingenfelter Metallurgy
Acting Section Leader

M. Farris

Yucca Mountain Project J, H. DePruneda
J. Mitchell

W. Clarke, Group Leader J Oldani
J. Estill
J. Farmer

D. Fleming
W. I-lalsey
M, Juhas

D, McCright
R. Van Konynenberg

,,
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i _'' ' ""_.,_1_: 1\."_'I__ l.'_'t'!.;

I'la.l). lnstittltitm and I;iscal Yt,ill' t_t:Appt_inlllit, la[ I'}.Rtlpl.:_ LJnivc,rsily ¢_fViennil (.It-Jt)())
I, IL Snl_'r (')lait_ L_{illt_I LJl_ivcr.,-;ity(It}Ht))

.]. I.), [_Cltltl ('olumbin University (lC)t)()) M. II. I,'.Sluiter L.Jnivc,rsitv of ('alift_rnia,
_1'.['. I-}cebe Un i\,ersi tvot: I_ittsbu vgh (1t#St_) l_c'vkeh 3, (1.¢)¢,_())

T, l), de la Rubia State University ot: New York, I:, I,LSt_l,ll .University {}tI_aris (lUCj())
Albnny (1c_Sq-lq9(}) I:_,C, ,%m,a Univcrsily of Calif(_rnia,

.I.W. l:!'.llner Mnssnchusetts lnstitule of "lbcl_noh_gy Berkeley ( Ic)SC.LlgO())

(lgSg; cnveel" emph_yee in 1_)_:_()) .I, Sleight'ns I,_ic"eUl_iversity (IC)C)())
M. I;. t:oltz Llniversity t_fCalifornia, I_,A, Sterne Cambridge Universily (lC)8o--IC)g())

/3erkcdcy (10_-)()) I'. E, A. Turchi University of Pa]'is (1_J87-1c,_8c._;
.'--;,_)te U hive, rsiLV(1c)8c)--1t)C}()) ca I'UOl"t'n)ployec, in 1¢#01))1"..M.l.nvstm Arizonn "

N. Murk University ot: Neuchatel (1c_88.-108_-,_) A. 1.,,Wachs . University t_t Illinois (1080)
,% ,.q.I'ark . Uni\,c, rsitv of Cnlifornia, I1. Wallmnn University t_fCalit:t_rnin,

l)n x,is (1 c,_8c?-1¢)c#()) lh, rkeley (1¢}c)0)

S. 13isson Univc, rsitv _t California, Davis R. Rosen University of Califort)in, Davis
S. 13osson University Of Calift_rnia,. I)nvis . 'M. Schildbnch University ot:Cnlifornia, Dnvis
1). Brown University of Califon_in, l)nvis T. Summers University ot: Cc_lit:ornin, lh, rkeley
M. Ctmmn" . University of California, Davis E..Suranyi University of Cnlifornia, l)nvis

J. l)nvis University of Calih,'rnia, A. Sunwot_ Univcrsity.t'_t: Calih_rnia, 13erkeh:y.
Santa 13arbarn R. _l>nch University .of California, Davis

S. l)unmead University of Calif0rnin, Davis I.,. Wang University of Calih_rnia Dnvis
.I. Mikalopis University of California, Davis
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Consultan ts

1-1.S, Ahluwalia Science & Engineering Asst_ciates, lhc, 14,K, Maccrcme Rensselaer IMlytechnic Institute
.l, G, Albright 'l\,xas Chi'istian University T. 13,Massalski Carnegie-Mellon University
A, Alexander Custom Analytical Engineering B, J, Matkm,vskv Northwestern Universil:y

Systems, lhc, II, J, McQueen C_nc_l'ctia University
I), B, Bullen KMI Energy M. 11, Mehlman University of C.alit_>rnia, Riverside
Y. T. Chou Lehigh University D, J, Meier Michigan Mc>lecular Institute

M, S, C_mradi Washington University A, K, Miller Stanford University
P, tl, Dedericl_s lnstitfit ltir Festkorperforschung, 14,J, Mcn'gan Michigan Molecular Institute

, W, Gerlllany .l, W, Morris, .II', University (ff California, Berkeley
M, Denn University of California, Berkeley A, K, Mukherjee University t_t Calif_rnia, Davis
.I.Econonly University c_f Illinois Z.A. Munir University of (;alitk_rnia, Davis
(;. Egan Aptech Engineering Services, lhc. I_.M. Naghdi University of Calif_rnia, Berkeley
1_,A. Fedders Washington University 14.J. Naylcw Maryville College
I.,. Feldman AT&T Bell l_aboratc}ries B, J. Netlhauser Stanford University
J, F. Fellers University of Tennessee 14,E, Norberg Washington University
.I, R. Gaines University of l-lawaii S, R,rNutt lh'own University
14,C;angloff Universify of Virginia l). 14,Olander University of California, Berkeley

14,W. Gaver San .lt_se State Ul_iversity G, B, Olson MassachUsetts Institute of qbchnology
G. E, Gdowski KMI Energy M. l_rager Materials lh'operty Council
W. H. Giedt University of California, I)avis W. E, l'reeg Schlumberger Well Services

R. Gt_ehner Nicolet Instrument Cc_rporati_n E, A, Rinehart University c_tWyoming
R. Golding qYacer 14esearch Corporation D, Schryvers University _t: Antwerp
H. T. I lahn i_ennsylvania State University J. 11, Simmons Ul_iversity o1:l:;1c_rida
Ji R. tlardy University of Nebraska A.W. Sleeswyk University of Gr6ningen
R. J. ltardy University of Nebraska I). K. Smith l'ennsylvania State University
R, M, Herrnan Ik,nnsylvania State University G. Springer Stanford University
(11,M, l tieftje Indiana University T, D, 'l-'honaas Oregtm State University
J. I luizenga University of Rochester T.A. q_}mbrello Califc_rnia Institute _1:Teclanol_gy
W. 1,, ,Johnson California Institute of q_,chnology T, "lMakalakos Rutgc, rs University
I<..Icmes l!lectric I_ower 14esearch Institute G. Van Tendeloo University ot: Antwerp
N, Kit_ussis California State University, I', Weinberger q_chnical University ()f Vienna

Nt)rthridge M, Wuttig University of Maryland

R, l_tmg G. I_,U. Nuclear R, N. Zare Stanf¢_rd Llniversity
F'.E, l,ytle Purdue University

%ciei_[i t:ic A t lvis  ry (7OIl1111i[let_s

Chemistry Review Committee Materials R.eview Cornmittee

T. A, "l_mabrello, T, A, 'l_mabrello,

California Institute cff"l'echn{flogy, Chair , Calitk_rnia Institute _t 'lL,chntfl{_b,,y,('hair
T, Brill, University of I)elaware M. l:_lun_t,, Br_{_khaven Nati_mal I.aN_rat_ry
M, l)enn, University ttf (Talifornia, I_erkeley I). M, (;men, Argonne Natitmal I_abt.'at_wy
.l. 14.I luizenga, University {ff 14cwhester W. !,. Jt)hnstm, (Talifl_rnia lnstittlte of 'leclam_It_gy
R. !:,. N{_rberg, Washingt_m University M.B. Maple, University _f ('alif_rnia, San l)ieg_
W. E. l'reeg, Schlumberger Well Services 1. W. M{}rris, University _t: (Talif_.'nia, Ik,rkeley
'1".1), Th_uaaas, ()reg_m State University

I ;0



Collaborations

Research and development programs in the C&MS
Department frequently involve collaborations with
researchers at universities and Other institutions. The

t:olh}wing is a partial list of collaborating organizations,

A merican U niversities

Brown University University of Massachusetts
University of California Massachusetts Institute of 'l_echnology

Berkeley Miami kiniversity (OIrio)
Davis University of Minnesota
Irvine Uni'versity of Missouri at Kansas City.
Los Angeles University of Nebraska
San Diego North Carolina Agricultural and Technical
San Francisco State University
Santa Barbara Northwestern University

California Institute of Technology Ohio State University
California State University Oregon State University "

Northridge Princeton University
San .]ose Rutgers University

Carnegie-Mellon. University University of South Carolina
University of Cincinnati Stanford University
University of Connecticut Syracuse University
Cornell University University of _bxas at Arlington
lqorida Atlantic University Texas Christian University
Georgia Institute of Technology University of Virginia
llarvard University Washington University (St. Louis)
University of Hawaii University of Wisconsin
University of Houston Madison
University of Illinois Milwaukee
University of Maryland

Fo re igll Un i v e rsi ti es

University of Antwerp (Belgium University of (;uelph (Ontario)
University ot: 13rist_fl (U.K.) Queen's University (Ontario)
Concc_rdia University (Montreal) University of _i_kyo (Japan)
l)ortmund University (FRG) Technical Universi_.y ot: Vienna (Austria)
University of C;rihlingen (Netherlands)

American I.,aboratories

Ames l..abc_ratc_ry Naval Ordnance Station (Indian Itead, Md.)
Argonne National l_aborah_ry Naval Surface Weapons Center (White ()ak, Md.)
Ih'o_khaven National I_aborah_ry Naval Warfare Station (Yorktown, Vn.)

National Synchrotnm lJght St_urce Nava_ Weapcms Center (China l_ake, Calif.)
l)epartment of Defense Rocket I_ropulskm i._aboratory (Edwards A.FB, Calif,)

Army Research and l)ew:h_pment ('enter
(i'icatinny Arsenal)

151
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A + , 'i R,,.l

l,awrence Berkeley I,aborat()ry Sandia National l,aboratt)ri_.'s
Los Alamos National Laboratl>ry AlbuqtlerHue

iNational Aeronautics and 5t-'li}('t ' Adrnirtistration IJverrnore
Oa k Rid _4eNational I ,abora turv Stan ford Synch n _tr_m Rad ia ti_m l,ab_l'il too:

, _'++ + .

Centre NatiCmal de I,h.,cherche Scientifi_.luu, l.+aboratury Max t'lanck institut flit Metallt:urscl_un _ (StuttD_rt, I:R(I;)
of l!lectronic l+roperties (_tSolids (Clrenuble, t;rance) National Institute for l_,e_;earch in ln(_rganic Mat_.,rials

EurOpea n Irts titLIte for Tr an s u ra n iu m file rnen ts ("l-_uku ha, .Iapa n)
(Karlsruhe, I;I_G) Office National al'Etudes vt de I,_echerches AOrospatiah._

I IASYI_,AB, DeUtsclu.,s Etektronen Svnchrott'_m (Chatillon, Frn nee)

(I-lamburg, FI_G) ' Sulid State l'hysics In_+titute, Academy of Science
Kern t:_rsch u ngsa nla_,e .]Lilich, In sti rut l:(ir (M ¢_scow)

I:estk(irperforscl_u ng'(.I iilich, I:I,_C;)
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T, Mc('rc.'ilrv, (i, 1), SI-iictt.,r, I:, V, V,lnctt,rh_,l(ift,n, ,.liicl N, '1'

I. (i /\lbrighI arid 11),t;. Millur, "Nt_riliiluar l,_t,_rc,ssioi_ lYu_awa, "l)t,i_ilv iff'l'ral:_t:_ucl (ills in I Ic,i_vilv--lrrat_li<llt,cl
, li ,

I F,[>rt_,t4r<lrnslt_r lhu/\nal\,sis _1( k_ulv I:ringu latlc ril..' l,ithiurn I-Ivdridu, /, Ikll_<'l,A//_/_'#', la4, .3IFI (lehigh),
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l'r_G-_erltc'_,"l, I_h.ll_,(lllll'J_) ColloqLle (74; 33 (lU14u), Spc,c'll'lc I;)L,tc,ctltm," I-'lu'l!:_cir_#c_''li'61_u_/,h_h'n#,'7(._-.--f_),

f_25(Iu14U),
(.7,'1', I'c,ilg, I,_,I_.,Ill_l<l, I', (.', _oLiur.,-i,,arid I', I,_.Ctli'tli'i<ll;ttl,
'"l'ritltin_ I.,nbc,lli'ig irl' Amlntl/\cld._ arid I'c,ptldc,._ with _, I;, i,_tc'_,,'"l'l'ic,/\'2A Sinie or so,c.),,/\nnlvsl._ o1'Ihe
I,icluicl and .%tiM "l'rltlurll," I:m_fiullh'li, 14, 14,'t3(lcJ14_), /\' 2,'_k(_,' 3) - t\211(_,= I)l't,rtLil'batltln," l, klll_/,

,q/J(,('/#'(I,4(',133 22 (ICJ14tJ),
I, 1., I'l>rlg, I', Khlvin_, R, N, Sllelilm, I-I, Ft,I,tadlltlsky, I't A,
Ilahrl, 1,, Ik,rn,lrdez, ilrld M, (._'ll.<.it,lntinl_,"l>rc:l_nr,lil(m, S, I;, Rti:'e<lhd Irl, S, (."llstalltirl_), "Single I'ul.,4_.,l;.4r(_ad
(.'l'_,'ira_.'ieriz,_lti_n,and Nit_erc(m,.tuc'ilrl,l., I"r_G:_ei'iiusor lJ,lrld CARS of Nitro)mc,lh,ifve, '_vithlll <lI)i<ln_mi4 t\rlvi/

() ,, , ' ,, , , ,"lblrag{inal I.al-la(.iaCll;_ 7_.d, lihil,_, I,_r_,,I:139, u(i74 (lcJH',J), (. c'll, I I'hl/s, Chi'm, 93, 53(_(IUHCJ)

I), i\, I't,Lt,rs(in nnd M+ I(, K.assi_t_,r,"The I'Li-(]n .J,14_lc'and T, I Iii'sol'iri,ld, "l;iber ()pile' I Ivdr(i)4en Stilfidl_,
(l'luh_i_itim-Cl,llllun_) Sv_tum," l.;llll, ,.'tills.iiI_h_t.,4_' /,)/_b,,rmm; l;')utuct-itln," J, ( )t_hmh'_'lnutil'._3, 21,1tj(IcJ14_),
ii, 2_1 ( I CJ14_),

'I', 1TJ,cii.,la 14tibia, R, S,Avc,rback, II, I Islc,h, ailcl
(.', W, I'l'icc, <inelI', I,, Mc'(.',lrih\,, "l,l_w-\l_lli,lgu Sc'<lnnlll)4 1,_,l_Jellel.lek,"Mtllec'illar I)vn<ln'lics Simtll,lit(m iii

" ' s, ' ,<., nd NI: "l'hc,rnla[ SpIkc,l!lc,c'lron IViJcrt_sclll:wt_l I,inv-l)t, llsliy Malc, rials, I.)l_4t_lacl.,n'iel_[(..a.'cado,' In C'tl ,1
I ' li,gCllllllill,t,' 10, "ici (ICJHH), Iii ha\,i(m J, MIIti'I', I_l'$, 4, ,"li_t',' (I (.}14LJ),

K, .I, I,_al_ilncl .I, _'V(lll_,, I,-ccll41..'I!XAI:S Str.ltir (li' I'b M I Saltier ill'ici I', N I,_llss,'"l'llc' (..'(ll'l'(IsJlll'itil' {'lll'['lilll
(.;iti(lrdiriiltitln ill I'bt)-I'bl;_ {llil.,4st,_," l, C/li'lit, ,cT(ii',I:'llrll, 17,1nc'kt\rlticlus in t\lk<'iltn_, l':lc,ctrc_lvle: III, "l'hc, I{il'c,ci cit'

"l)'_7#_.,_,_4, l/i. (I u,_4H), (iraphtl.lzi_tion till the [7'(irl'tl.,4itlll I,te._Niance_f I;Llrllilc't'

I_,l,lcks, J, I;h'l'ln_chl'n#, .q_c,135, I<If_4(ll-Jf4_),
K, .I, l,_i-i(_and J, Wong, "lnve_ilgail{m _1"I'b ('tl(li'dtnillitln
inl'b()-l'bl,',(',In._._e._by XANI!.',},C"h_'n_5_c,l:_Int, (;,IISch<idll,r,A,Irl,lJ(iring,I Weinbur_4er,,lhd

li _ i }'l)'mi_, I'14,177cJ(ICJl-IH), i\, f. ',_inls, I',I_c'ii'_Ilk' SLrtlc'Itlre _I' N_flcl'ilt_mc,lric: ,lhd

(:)l'i'-N_lldli_,m_,Irlc' 'It_('i_.,,2," P/III<._,R_'i',,li 3B, ._;32 (luHl4),
i,A, 1_,_rd,_nd I), (',, Mi11_,r,'"l'_,rn,-_rvMuLu<ll 1)iIYusi_,n

(_'l_c,lt]c'ienls(_1'Na(.'l-Sr('12-1,1_C)at '_._<'(.',2 'l'_llill W, S,, t IIQ,,'"l'hc, LJ._c,(ii C;ral_hite l!l(,clrtldt,._ in
( 't)nL"C,lllr,llil_l'i._ (ii 2,()und 3,() n_()l..l.lin r'l,'' J' I'hi/,<;,, C'hl'lll, I)(ltt,nlitm'il.!tric ' "l'ltl',_thli'i._," ,c,,I/lllh,MiI/l'r, 23, NI3 ( IcJHH),
_J?,,(_I,-",3(1u_H),

W, S,Sc'lil_,"SC,_ll_ic,nlhll "l'ili'ati()ils irl' i\nl(in._ with
+ * , I, ii _' i o , i iiI i\ i,_,li'd,_i_d I:), (' IMill_.,r, I_G i_.sli_'l)utvi'minati_rl _I' (.'_,tvll.,vridiriitirn (.il_l_ridc,, /,/l.mIl, Clu'n_,330, I ">=',_i ( IU;'41-1),
lh_,()_m/_lic ,.Ind/\ctivilv t '(_l,l'l'lclenls (If/,riC I-,(acI) iii
2UN,I _"K," J, (.'h_w_l,'l'h_'rm_,21, ,:l_2 (ItJl"l(-)),



._'c'li_,l 7 , /)_'/_,rluuwlt i_'r._wlJs_'l,lul I'nqi'._._ic,mlC'cullril_llli_wl._

W, %,He,lip,,"l'(_tui_tlculll,trlu h,,llurc_lulurininl,lllcul _1" M, Hllillun', I', 'l'llrc'hl, l,',/,c,xh(_ul_4,,lhd 11),__luIg_nt<llnlu,
I'_;I,l_ltlm, I,_ubl_.lltltn,<1lidt'l,_iliN_ with '"l'lp,l'lt..I._indlrlA t ',ll<ul<lii(;n _1''l'i-.I,_h..'l'yl_C,IG_,lsu

l'_,tr,iF_hun)'Ibc_r<llu',vitllc_iitHUl:_,ir,llic_rl_I'l'ruc'il,It,ltu,"l)i<ll.,.,ran_,"l'h.tl:_,I_/'_,,l,_'ll,60,71h (I_HN),
Mirr_'/u',o,I,37,I.-II(IC)HH),

I',(.',_ilc,r_,Ii,M, l,'_.,,irc_n,I),,14,M<_p_l_,.,-,,I,I).%<_tL,r,

VV,I, 5_,II_, "l'rc,llrrlln,irv l{_.,sulislUl ,i Nuw l'(4c,nlll,mutri< (',, W, C'cilllns, I, 14,(",,linus, I{, II, 511urrn<_ll,,lhd I, i,_,
Mullll..l Ik,r thf l!_tlm<Itlull til' lhu Ral'c'liilrlll lilc,rrlC,lltS, l],_rlllt, '"l'rliiitl Mc,nii_rv 'l'inlu irl Siill_.l I)'I' and Its
t'i_rnrnc,nl,_ur_(.)(l_c,rl_ul,_"l'itratabh., wlth H(_dlum Ntic It,at l'lil4riz,ltl_in," I'.M,_ 'li'['h, 14, HS,_(l_:_HH),

'IL,tral-,llcTLvlb{_r,llu,'/Vl/_'r_l_'m,/, 3'7,155 (I_-}H_),
I', (.', 51_liurs, Ii, Irl, l:uartul, R, K, 5tL1rnF_,and R, 'I',

W, 5, 5c,Ii_, "Ign,il A11,11vsl.,-,,"l'hIli_ .q_rl', l'i_, '75, "l'_t1_,,lW,1,"liIl'rarc, d/\n_llvsl_ i_l' l,lcluld and H_illd I)-'I',"
I() ( I_-_,",IH) I'.M,_ "li'_'h,14, _'_!';()(I c_HH),

W, 5,/,c,Ii,_;,"Ik_tc,rltlllrnuLric l;,stlrn<|tilul i_l'Atiri_cya111dc! I', L', 51_tle1's,I:,J,/\c'l<urrnar_, I', .I, l_ic,l, I, 13lu,v,,(_llcl,V, lh'ilo,,
<lhd Mi_Ivbclalu ill Mixturus," A/lirr_chem, l, 38, 27h (l_)HH), I....I.), (.illrlstL,r_surbL', I,, l;ulkers, V, C'ic,dc,, [_',Irl, Cirll'l'itll,

Ii',,I], i fuss, I{, l,lnclal_l, "I',M¢C,rc,ary,ii, II, (.)tstlki,
W, S, 51,1i_, "Tlle I'i_tuntli_m(,tri< l'itratl(ul _I/\lunlintirr_ I,_,I l_k_nd,Ci, I.), Snh:Ic,r, C, St,lnlliG_u, I{, K, Stump,
,ind( ;,ill\llnl with l_'traF, llerlylbi_r,ltC,," l'n'se_liot._' I",Var|dc,rh(ii_l'Vc,rl, 14,'I', 'l_lll.:,ilw,A,.I, I,,/\nclursi_n, D, II, W,
/, ,,l_I.l, (.'hum,332, 3Mi (I_-)HH), Cartuns, VV,I,, l._rurnhlllc,r, W, I], l,c,,,vls,.l, [!, Naslsu, I:, Ii¢,

l'rc,txvl, I_,(;, 5zklilrx, i), 'I', Vk, r, J, I{, C', l]i_Wllmn, arid
W, 5, 5c,li_, "l_i4ur|ti(_mc, tric" 'l'itr,ltii_ul (_i'l:'i_t<Is._lunl A, Attalla, "Swc,lli11_and C)ut_,l,_sin__._I'I h.,avily lrradlalud
Au|'i_:v,Irilde wlLll Mc,rcurl¢ lc ils, A4irr_whro., l, 38, l,ithiurn I Ivdridu,"/, Noxl, M.ler, 154, 3()H(l_J_,li',i),
332 (I _-)HH),

I:i, C'.,Sow<l, A, (.il_nls, X,-( i,/,lliln_, arid 5, M, I;i)llus,
W, H,Hc,li_, "l'I)ic'lllit)i_lc'tl'tc l"iti'<llllln i-\lid I)tll'urc, ntiattl_i_ "l-,',lc,cti'(lilk:_[l'LIC'iLIrt?(li' (:il'<lill IJ(_tlnclilrtt,s," /VI.II.W,17u_,.17
iii' (.'V,Illll <llld Nilriii! C'lurIF_lc,xus I)l' lr(Iii), I't(ll), and 40, l-ii.ii-J3(IgHU),
I'cl(ll)," I.'r_'$ellill$'/, ,g_,d, Chi'iii, 332, 795 (ICiNg),

VV,5F_c,tc,r, .I,C, li'ul4t41u,I', J, I)tirhanl, I{, Zc,llell, 14,.I,
,, I I MVV,._,._uli_4,"{ '(inlrlluil l_ lln \hl, Miur_dl.,lurminiliil_n (_1 1711akl_,,and P,/\, ._{urnt,, airix lilui_l_,nis tn lnvc'i'sL,

k'll_lvl_clt'nl.irn ill the, I'rc,._C,llCU(_1Clc_lclallur L'(_nvur.,,;itlrl X-l,_av I'hl_tl_c,n_is_il_n(17,1<'' ".w, /, IVI}I_,C: .g_,lhl,_hllr I>h.i/_,
ll_ Mid\,bd<liu," A4i_r_rhrm,/, 39, 133 (I tJ_l(-)), 21, "J(12i(1('J_l_),

, I)_,II<lnlll/al Ctlrrt,lali()nS, M, 5h,ll._ii'll, I_i,X, Yail/4, (l, 5hiranu, Y, Nllcla and I,, !!, I', t\, Slt, l'llt.,dllt.I (..',_, IVV(IlI_, "" ' '

"]'<lllilur, "Nt,tlli'l_rl 5c'niturin_ ._[tlt:lit,s t_l lhc, Martunsiti< (..'(li'i'c!tltl(lils Iii lJand I,'.cl_l.,l)i._c'l_i_lintiillus iil Si/(ial'
" ce,s, I_hil,.'_,I,_e#,II 37, 1()436(lCJ_'tH)l'r,lllsltlrn-latil_n in <lNi-AI I]c,la-l_llilst, t\llllv, IJhll.,_,I_,('_', .%.'l.ll)urlait'' "

I,_'11,62, 12cJH( IcJHcJ),
I', A, Stt,rlle arid CI.S, Wilng, "()x),gun Vacanctus and

Y. Hllinll_l'nLiril, M, _\,',(itlillan, I I, I"l.lkt.ishillla, I_,t\ I lilhn, t\lllil'urri)rnat4nulisnl ill l,a2C"tl(.].l," I'hil.<_,I,_("u,1737,
di'ICI M, l<_irit<lni,"2()K C'rvll-'l'r_lllstt,r "l"liM ()[-isurvali(in tri 7:-t72(ICJHI-I),

N<.lsct.,ll{l)ist-q<_c:c,rnt,nt (.:illsl.'<lt.lc,I)anla_u ill I,(IW
l_,rrlt-,.,ratllrU 17):1'Nl.,tltrl_rl-lrr<lcliatc,d Mc,tals al ICI'NS-II," 1>,/\. Src,mc,and C'..%'.X,'Villl_,"1 liQ,h(.,r7'<'l'hri_l_u_h
1, Ntu/. Mul('r, 155-157, I IHI (19HH), Mut<lllic llltt,rliivur (.'()lil_ling in I$i2Sr2C'<lC'tl2C)n,"l, /VI.li,<_

C; .<_(,lill<ghlll'IJ]l.ll$,21, c)<li-J(1(-)SH),
A.Silblu'stu!n,I'.('CI,IF,P,<in_lI,.Ii.Tar_rlur,"C'i,mpulc,r
Sinllil<-Ilil_n (ii I)(:,tk,c't-lildu<ud Vilrilic:ali(in," J,/.('_s- C',,M. Silt<ks, W, M. 'l'urnmc,rmilrl,/, Sxlltc,k, <inelI', t\,

, (.7"(lllllll(lllA/l('hIl,_140, 24_ (ILJHH). ._{L'l'lli.', "l.)t, llsi[\' I"lil_cli(_nal 'l'ht,llrv, 'l"_ltal I!]llUl'_ic,s and
licluilibriiinl Vl_lLlinc's/_t l,<l-,(.'u()I,.. . . and l,a I.:4_r(I,:_(.itl()l,''

M, I:, _irl_lul(in, .I. I', ('t)lll-lt,i', I:_,1). /\nclrt,st:n, allc:l I;, I', ,gllll('l'('()llll, .ii('/','li'('hll()l. 1, 57 (ItJHH),
k,lil<liltwich, "l,ast!r.-lrldl_lCc,clI'llllk I)<lmat4u in I'(_ia.<L_iliin
I.)ihvclrliQ,Uil I'hl_l._hatc, (.'i \,_tal,"/11_1>1,I_hil_,1,('11.52, M, l, _tl'ti111, "1 II_t t_'i'ackin_ in l.)irt,c'tt,cl-lint,rQ,y _i.ll't'dt'u

H'37'(Iql_'4), l'r(wt's._iil_," Ml,_.iiIll#li, 13, ?,3(19HH),

M. Sill\It,r, lt l'lirc'hi, I",/,c'/,hllll_, ilncl I), cii' I;(lilhlillu, M, I,Strtlill, I,. '1",_tl111111t,l'._,<inell, I,t, Millur, "l)l_ulililv
"l_t,-c,x<lrlliilali(lil (_t lit'(.' 1:_<l.<4c.clI'ha_u l)i,l_r4nls with l';iillilllct,rnunl in LJnruiitilt,LI Inlt,i'il<ll-_il Nb_n 'l'hrlltil._ll
f.'l_ll_lilll{ l:ir_l ,li_l.I._t,t(lilcl _t,i_,41ibllr I'<lir lillt,ril<iil_il_ ii1 l,(_V<-.'li.'llll_t,i'<iltli't'/\lille,ills," //;/,'#; 'I)'uH.<_,A,ilu,<,4#l<'#il'_,
illu ( lll._lt,r \/,ii'i<lli(_ll Mc,\hind," IJhll._illl 148A, hl (IUHH), 25(2), 221i_(i_-J_'_)),



,g_'rli_Jt7 • I_tI,111,,Jt1'' ' l'_'1,_Jll#tIaI,l' ' l'r_!li,_,_i_,ml'('_wt1111w11.,t,_.'

I', Stlndararamal_,W, R,l_i_s, I, (;, Ruvnn_dds,,ii_dI, c', c.',,_, Willlam,_,"I',I'Xclu I,i l<tlbla,i, W,t '_rbult, N, tti_,,
Ik,tzur, "V,an,lctylt_()rF,layrin_, Ii_dlcat()r_()f KuruS,un and/, I,',Zic,_41(,r,"l,'ra<tal I)tnwla_i(_n_l I(_1_Cla_',lclunin
I'_ru,lkdownanti (]t, nt,ratlt_nt_l I'utr(_lt,um," (h'_'hillt, Malic,r," le,ml, I;lli'('l:_I ixlw'U,qs1, 175(IU_S),
C_smoclti,t,A_'hl_2,2337(I %IS),

.'.4,W, WIIs_ll, R,.I,l_rrc,e, 1), I, (.'hamburs,Y,C'll,_ng,!, '1',
Y,'l'_ml_l,1,M, .I,Strum, ,_m:li, W, k,l_rrls, '"lbn_llu Merrill, I'. (.' S_tiur_,and N, K, VVi_,u,tn_, "A Nuw I:l_x
Duf_wrr_atltmIk,laavi_w_1'ML,<h,lnlcallv,"4tal:_lllzc,d I;t,-Mn 5vstt,m l:_ra I ligh I'rL,ssliru'l'riilum I'llmp," l',si(wt 'li'('lt,
Atlstc,ntLu,"A@htll,'/hl,s, A 19,1%3 (l_-]SS). 14, I()()_( I_:_,'4S).

I', Ii,/\, 'l'urc'l'_i,(',, [vi,5t_wks,W, II, I]utlur, l), M, .I,VVungand (;, A, Slack,"Murals tn Ik'l,l-I,_h_mabulwdr,ll,"
I',dich_lslm,,Ind A, (_;_nis,"l;Irsl I'rlnciplus Slutlr _f I'h.tl,@,I._158,627 (l_-)s_-_),
(.h'dering Ih'_l:,urlies_1,'4ubstilutionalt\lkws LJsin_4lhc,
(k,neralizud Ik,rttirbatk_n Mc,ll_.l," I'hys. k'c_,,1.137, 1!,W_rdc,n, J, I_laisc,,and I. (;, (.5,_wav, "14uvish_ns,_ll_.l
._2 (I_)8S), Additions h_lhc, li',nuru,y l,uvc,ls <_fINuulral t'tlrlum

(244(.i,1"11l)," 1, ( )1#,5_(',/X,t, Bf, 2()tj3(l_-)SS),
I",Ii, A, "l'urchi, A, 1,,Wac'hs,Y, (.', .lean,R, II. I Imvell,
K. 11,Wc,tzh.,r,and [vl, .I,I;ltiss, "l'_sllron Annlhitati_n in A, L', Wril4ht, A. (;, (_.'late,;(;, iitlwrlnt, lun, M, .I,Wt,L-_c,r,
Ik,r_wskilu 5uperc_nduct_u's: 'l'lauCwvand t;:xpc,rimunl," S, A, l]rawur, and R,N, [4inc,lair, "A Nuutron I)tffrac'ti_n
l'hll:;ic, C153-.-'155,157(It_SS), ancl Mi_luc'ular1)vl_an_i<sInvt,stlgali_n _1'lhr, .U,truc.itire

_ll'Vllru_uls I'k,rvliitlm Iqtllurtdu," l, Ni,r-Crllsl, ,ql_li_l.,;111,
R,5, UF,adl_yc,,M, 14,14_l_g,,and Ii, .I,I Isle,h, "Analysis 13_-_(l_-_S_-J),
_1.'41:_lllturt'_atinu, Uniflwmilv by C_m_F,tltc,r
k1¢,elt,lilL_;,"l, Vm',F,ci. 'li'chtu,I.A6(3), 18_,_1(l_-JSS), i\. ZL,ILIand .I,II, I<innc,y, "O I'_in Yl_a2Cu:_(.)7 x Wht,ru

I)¢_¢,sthu (.)×ygun (;o?" I:'h,l#;, I,_"_, I,_'11,60, 753(I t_SS),
/\, '1. W,whs, I'. E,/\, 'l'urt'hi, Y,(i,, uan, 14,1/, Wc,tziur,

R. II. I l¢_wc,ll,M, J, Iquss,1),R, I larshrnan, I. I', I,',c,mi,ika, X,-(.;,Zhan,,4and ,'\, (.;¢_nis,"New, Rual 5F,a<uMuiiiph.,
A, 5, (.'¢_l-_c,r,and R,[vI. I,'lurning,"li'.luctr_mic'5trutturc, ,'4catturllLu,"l'hc,_rv l'vlutl_d l_r thu 1)c,lerrnlrw_ti_m_1

, ",) 11 , ii ,Sttlclic,s_1I,a.,(_tit I, I'hlls. 1,5'_,.B38,913(ItJSS). t!luctr_ni< Slrtlc'turc,, I'hy.,.;.I¢,_'i',.I,_'1162, I lbl (l_lS_-]).

A. 1,.VVa<l_s,I'. Ii. A. 'l'urt'hi, N.I1. I I_wull, Y. C, Ic'arb X.-( ',,Zhang, A. (;_ni.,-,,and .1,M, Macl,arc,n, "Rc,,_i-
k'l./. I"lll:,s,I. I1. Kaisur,R. N. West, lr-,.I,, Murk\,, and 5pacx,Multipk, .%'atturing'l'lw_rv and the,I!lt,ctr_mic
i\. I,h.,,,'t'_h:,vs<hi,"lk_sitr_m-Annihilati_,n Sitidius _t the 5trucltlru _f .'4vstern:_with I:,'ull_r I,_uduc'c,dSvmrm,trv,"

• ,i) 11 , I "1I:':lt,c'trt_nic_trucltiru t_I' Nit , I_hlls, I,,"_.B40,I (It]8_-J). I>h.I/s.N_'i:,.I'_40, 3(',tkl(ItJSt]).

C'.K. VVarlg, 1_.A. _lt.,rl_u, I'. (;, Mc(_.uc,c,n,and X,-(;, Zhang and A, (k_nis, '"lTu.,5uctllar Iklll,lii_l_ _1
A, l11_alt,lcharva,"Magnetic Ir_h.,racil_msin I liu,h-'/',, K_wringa, Kuhrl and l,_st_l<_.,l'I'_u'lhc,(.'ase_f N_n-
.'--;tiF,Urc'_mdtlt't_u'.,-,,"]. _h'Iqtysiqtt_'49,2243(I_J_'.IS). Muffirl 'l'in, ,_.;I._a<t,-I;illtn_4Ik_luntial ('ulls," I'hll:;, I,_'-_,.I-i

39, 111373(1_-_:)),
M, .I,Weber,"l;aradav R_tat_r Materials Ikw I,ascrs,
l, ,"11_1_1:I:'h,I/_'..63,31lH leiSS),
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N,:_ti_al l_ab_ratory, I,iverm_re, Calif,, Conll_ltslors ('I'VA20 M_',,,;ml,altA I.'I.;CI_ih_tPlal_l),
L.IC'I(I.,-I()1()c)5(lC_Hg). l,_wrence IJverm_m., Natkmal l,ab_,'atory, l,iverm_,'e,

Calif,, UCI,_L,-21I(_3(10HO).

I:;..l. I). 5erdLlkt', (..i'.(;. _tt'vel'IS, M. l:riedman, and
G. (;rutmann, l:2,ali,Ili_ul _#iI Prol_.,.;edl-Jecln_i l)e_._ily
l.)l'n,,_lll_Sl h"ti,rNc)V,'IX-Ray'l)'a_smissio_ t-;._./_dl'inll'llts,

I,awrer_ce l.,ivermc_re National Laboratory, l.Jverrn{m_,,
C/alif.,UC'RI_-q_9735(I9Ht}),

I,ectt_res by Slai:[

M, (.;. Adanason, "IAquid Mc,tal Containment Research R, M, C laristenst.,n, "Failure Mc,cl_ar_ics ttt C_,mposite
at I,I,NI,," at Sandia National l.,abt_ratory, I Averm{_re, Materials," at Notre l.)ame University, Nt_tre lhamc,, lhd.,
Calif., May IH, IC)_9. Octctber I(), IC)HH;at lllimds Institute _f'Ibchn_fl_By,

C;hicag_, ]II., ()ctober II, Ic)HH;al University of lllinois,
I,. ('hia_, (I) "Basics oi I l_meyc_rnb and l;kmded l'anels," Urbana, Ill., October 13, IOHH;al l'unlue University,
and (2) "Applicatitm of Cure Modeling to/kerc_space West Lafayette, lhd., ()ctt_ber 14, lC;F,8.
Materials," at Beijing lr_stitutc, tfr Aeronautical Materials,
The l'eople's Rel_ublic _t China, Octt_ber 1988; Char_gsha R, M, Christer_sen, "A Two Material C'onstant Nonlinc, ar
Ir_stitute _1:"-ibcl_n_4ogy,5rh l_)epartment, l-lunan Elastic Stres.,-;C'tmstitutive Equati{m Including the l!,ffect
I'nwince, 'l"lw l.'eople's l,_epublic of China, Oct_ber 1c)y,,_. _f (..k,npressibility," at University of Massachusetts,

Bt_ston, Mass., May 31, 19,_c_;University t_t:Mi¢l'_igan,
1,.Cl_ia_, "C.£t,a_p_siteIVlatcwialsand the chernical Ann Arbor, Mich., April 17, 108%MM_igan State,
li',ngineer," at l)epartment of Clwrnical & Nuclear LJr_i\,ersit_; East l_ansing, Mich,, April 18, lOSe,t;University
l:;:ngir,.,ering, LJniversity t)t CLTalif(wnia,Santa t",arbara, ot"Wisctmsin, Madis_m, Wis., April 2(), 19H_0;LJniversity ()f
(.;alif., December Ig_H. Mirlrlesola, Minneat:_4is, Minl_., April 2 I, 1c_gU,
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(;, W. LMIltns, "IVlagnetic l<estmanct, Study t_l:Al_mlh: Irl, W. (.;tllnan, "Citdd I:usltm .......bi5 l),lvs I,ater," at
I:ixtitathms in SolM Mt)lecttlar I lydrt_b;en," at ()hto State l.an:klwt,d Ruse,Itch ('tdltu.ltlltlrn, I_twklwed Rt,se,lrcl'_
Llntversltv, L.ultlmbus, Ohlt_, May 24, luStJ, and l')evel_Mment I)lvlslun, I'al_/\lt_, L'alit,, I tlm, Iq8o,

R, C, (..'o_k, "Ik_lyis_wyanates, St'iITt.' I:lexible? .....A B, I,, I laendh, r, '"l'he l)eveh_l_mei_l _f I,t_w-l)enslty
Iltsh.'lcal Ik, rspecttve," at IBM, San .lose, Calif,, I'olvmi,r Ig_ams for I,aser Inerllal (..'_nflnemenl I tlsh_l_,
May 2, It)blt). ill t_alll'orr_la Secti_n, ACS 'l'ecllnlclan Al'flllah,s (',l't_tll_

Muellng, 13ublln, Callf., Mav It_bit_,
C', 1."Ct_im, ."Syn,th.ests of Energetic Materials at
l_awrence l_iverrnore Natltmal l_,ab<}l'al_.wy,"at Naval J, E. llarrar, "Rarrlar_ Sl:,ectrosc<q:'_yand Eh.,dr<whemlstry
Weaptms Center, Cl_ina Lake, Call '., January I08K of Nltrlc AcM, Nltmgen (.)xlde S<_It_tl<ms,"at Unlverslly

of N<_tting,harrb Nottlr_gharrb U.K,, May I t.188,
C. I,. Coon, "lh'oblerns of Waste Disposal in Organlc
Svnll'wsis l,aboratories," at Y-12 l'lant, Oak P,idge, R. I lawlev-l,'edder, "l;'l'll_IVancy 'Ibchnh.lt_UsIn Infrared
Tenn,, March I08_0. Slx,clmmt try, at Ahibama A&M Unlversily, Normal,

. Ala., Al.-,rll (_,I ObitL
lM, Costantint_, "Synthesis of M¢_nolttlah: Urantt_rn
llydride," tat Sandia National l_abtwatortes, l.,tVel'lll()l'e, l), M, I Ioflrrmrb "l:_mding Aerogels with Urelhanes," tat
Calif,, .lanuarv 1080, f'antex Plant, Amartlh_, qbx,, .lune 21, ltJbiS,

1,,Davis, "Crystals for Frequency Doubling _f lkMon 19, M, I-Ioffnaan, "The Playstc's of l'oly (ethylene
Last.rs, at Modesto Junior Ct_llege. Sctence Cltlb, oxide)/f'oly (metlayl methacrylate)," tat Edi
Modesto, Callf,, Marcl_ 1089, (Them-Americas, lhc,, lh'inceton, N,J,, Marcia 28, l_-)Sbi,

T, I), de la Rubia, "Molecular l)ynarnics Studies of I), M, I I_ffrnan, "Dynamic Mechalaical and Thermal

Ahmaic Collisions in Solids," tat University of New Analysis of C.rystallinity Developnaell[ in Kel-!v 800
Mexico, Albuquerqt_e, N, Mex,, October 27, 198t), and TA'Iq3/I<eI-F 800 l'lastic Bonded t_xplt_sives, I't, 1,

Kel-I v 8(I()," tatSandia Nali_mal l_,aboratories,

M, W. l)roege, "The Interaction of Gas Phase Reactions Albuquerque, N, Mex,, Octt_ber 12, 1088,
with M etl_ane Ctinversion Catal.y. ,,_, at Catalytic 0
Associates, lhc,, Mountain View, Calif,, May 31, 1989, .I, B, Holt, "lg.lndarnentals o1:Ctmabustion Synthesis anti

Applications _t' Combustitm Synthesis Research," at
R, A. Fi'atier, "Raclioactive Falh}ut from the Chernobyl Na tional Research Insti tu tc, for Meta Is, 'l'td<yo, j tapa n,
Reactor Accident," at University tfr Alabama, Huntsville, February IgD.),
Ala., April 198K

.I, 13,t lolt, "Applications t_fC(mabustion Synthesis
R, A, Father, "Nuclear Ik}wer, Environmental Research," at Kyoritsu Ceramic Materials Co,, I_tcl,,
Radioactivity and Activation Analvs_,', at University Nagoya, Japan, f;'ebruarv lC)bit),
o1:Alabama, Huntsville, AIa,, April lC)biS.

.l. B, llolt, "Combustior_ Synthesis in USA," at Osaka

R, A. Father, "Ih_vironrnental Radioactivity," at Oakland University, Osaka, .lapan, l::ebruary 1989,
University, Rt_chester, Mich,, May 1988,

,I, B, l-iolt, _astc," of Combustitm Rtactl( I'ISl at Japallese
A, (.]onis, "Electr{mic Structure Metht_d for Systems t::ine Ceramics Center, Nagoya, lapan, February 19bi9,
with Full or Reduced Symmetry," at Physics
l)eparlment, Imperial (_._lhgc, l_or_don, U.K., June 30, A. F:..lanM}wski, "Elastic Antm_alies _I:Metallic
1989; University of Bristol, Bristol U.K., .tune 31, 1989. St_per]attices," at University of Michigarb l)t, partment

_._t:MaLt,rials Science and Engineering-Applied I:'hysics
M. W. Guinan, "l,_ecent Developments in Irradiation Prey, ram, Ann Arbt_r, Mich,, I:t,bruary 2(), lt)St; Rutgers

i iil!!ffects in Mc.tals, at tVacultv oi:Engint.,ering, t-lir_Maima . University, l)epartment _t: Mt,c'l_anics and Materials
University, Fliroshima, Japan, l-;'ebruary 1t;89; I)epartment Science, New I]runsv¢ick, N,/,, I::ebrt_ar\, IG lObig,

t_t Nuclt,ar Engirwering, Kyushu Universit> Kyuslau,
• . l)t t_,'matl_m of t\ltllllintl111 and lr{Halapan,.lanuarv IC._89, M, E, Kassner, " , '

Alloys to Ullra-l,arge Strains," al l.,ocl<laeed I,_esearch
Center, l'al_ Alto, Calif., I;ebrtlary I 988.
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.. I, II, I¢intwv, "Ncwei l'vletht..is I'_r I)t,n{In , I], (',, Miller, (I) '"I'Iw Intvvnatkmai (.'t_ltal._ratl_,n _rl tl..,

C'har,wlerlzath.,ntlslngSy1'wl_r_._ln_rll_adla{Ic._,",,ii Hlt..ly(,I'lhr,_vslt,mNdCI-Mv(.'I;.!-II_()",,hd(2)"l'h.,m,

Llnlvt,vsllvc_lL'alll'_rnh.l,San l;rancl!;cthl:)el_at'lmeut_ff !)ttl_t,m,An l!xtrat.'t:llnarylqgtirt,_I"l'ttrn_Ithe{'enttlrv

l'_e.,.;tt_rallvelh.,nLlstry,l'ebrttarvIt;St._, Self,nee,"at"l'exasCl_rMlanUnlvevslty,l,'t_l'tW_.'th,'l't,×,,
Ma rt'l_:It._l"It_,

.I,II,l<Innev,"/\l_pllt'atl_._n.,.;t_f31)C'hemlcalX-ray

Mlt'r_._st,_py,"di/\rg(_r_rteNationall,abc.'at(.'v,L'hlcagt+, I),C,,Mllh.,r,(I)'"l'ht,burprlslr_gCtu'nl_h.,xlLytil'l:'llnary

III,,!al_tlar)'it_8_, and TernaryI)Ifl'ush.,nl)alaft.'l.':leclndvteSt_lutl_m.,-_,"

(2) "New Mt, IIeMs Ii.' Analyzing (k.ty IMage Dala t'nm_
R, Ii, l_,v_,n,"Stt'aln-lr_ducud Crystalllzath_n t_t' Indlvldtlal IDlfl'usl_m Experiments," and (3)"S(dutl(m,. (_f
l:!lash_rm,rs," at Departrner_t _f I"harmacv, University _,1' the Dlffu,'.dim i.kluatkms ti.' l":qual lilgenvaltlt, s _ff the
Saa I::ranclsc(_,San Franclsc(_, Callf,, I-;ebl'tlary 108H, l)lfl'usl(m Ct,efflcler_t Matrix," at "l'echnlst'he I-itwhscl'_ule,

AacherbI"I,K;,Octuber198K

.I,Ii,Mar'km,"l,aserMak,rlalsResearchatl.,Ivernt_.'e,"a{

l)eF,artrnent t_fMechanical lgngtneerlng and Materials D. C'..MtIM', '"l'l_e "l'he_.'y and I;h'actlce (_1'l)llYuskm
Science, UnlversiLv t_tCallti.'nla, Santa Barbara, Caltf., Mea._tlrerner_ts," at Untv_,,rstty {_1'Naples, Nal:des, Italy,
January I t)SS; Department of Materials Science,. September 28, 1(-.)88.
University t_l:Caltfi,'nla, l]erkele_,5Calif., .January 19N'.I;
l')eF,artrnent of Chemistry and Ceramics, (.)l_k_State l!i,T, M_mes, '"li)paz System," al Rtwkwt.,ll Interr_atitmal,
Llntversltv, C,t_lttmbus, Olflt_, February 1%18; l)epartnwr_t Microelectronics Sector, Anahelrn, Calif,, April 4,lOSt;,
tri:Materials Scterwe, Case We.'.iterr_[{esel'Ve University,
ClevelarKI, (?)laity,l_'ebruarv J.qSK E, T, Mones, "Overview (._fthe C(.mnc)lsseur Coating

Systems," at National Sernlconductc)r, Tucstm, Arlz,,
l, Ii, Marh,n, "Fracture t>fBrittle Materials," at .ltd'_nstm August 1(), 1t)88,
& .Iohr_st,a, San Diego, Callf,, August 1988,

R, G, Musket, "Applied and Fundarr_ental hre-beam
.I, E, Maric_n, "Advarwed Lasers Materials Requiren_ents Modtflcatiun of Materials, !' at Physics Departrnent,
for Inertial Ctmfinernent I::usitm and High Average Alabama A&M University, Normal, Ala,, November 198K
Power Lasers," at E, Merck, Darmstadt, FRG,

N_wember 1988, V, M, Oversby, "Urarlltlrll and Actinide Transport In
"]'op___pahSpring Tuff," at SCK/CEN/Mol, l]elgturn,

J, E, Markm, "Optics le,,equh'trments for a Multirnegaj_ule .lanuary 16, 1089,
l.,aser Research Facility," at .l(_lanson/Mattl_ey, R(_yston,
U,K,, Nra'ember 1988, P, F, l'agorla, "Syntlmsts of K-6 and 19-56," at University

of New Orleans, New Orleans, La,, September 1988,
.l, E, Marion, "l.,arge Scale Laser Crystal Growth," at
Wacker Clwmitror_ic, Burgl_ausen, FRG, May 1989, P, !--:,l:'agorta, "Synthesis of I<-6, K-56 and Notes on CI.-20

Synthesis," at Los Alamos National Laboratory, Los
J, E, N;laritm, "Develt_pment of l-ligl_ Average Ptm,,er Alamos, rx},Mex,, September 1988,
1,asers at l_ivermore," at I)utch National Energy

F_search C:enter, Anasterdam, l-lolland, Ma',, 1989, R, W, Pekala, "'Flat; Synthesis of Organic Aerogels," at
Sandia National l.,aboratories, Albuquerque, N, Mex,,

.l. f!i,Markm, "l.,aser Optics l#,equirernents fin" Inertial April 21, 1989; 3M Company, St, Paul, Minn,,
C(_r_ftnernent l-:'ushm," at Cranfield Institute of May 23, 1989,
qk,cl"tru._logy, Cra lafield, U, K., May Iq89.

C, W, Price, "St)me Applications c,f ion Micrt)analysls t)f
J, E, Marion, "lh'acture t_fSolid State Laser Materials," l_erylliurn and l_erylllum F,'ilms," at Charles Evans and
at Ctffwrent, lhc., l:'al_ AIIi_, Calif,, August 1989, Asst_ciates, Redwood City, Calif,, October 18, 1988,

F. M, N'lattlwws, "C(}rnlgmlnds and Stale(ions," at M, I., Sattler and S, lltllsey, "M_)dern Alcherny, the
Claren_ont Middl',_' Sclu_ol, C)akland, Calif., .luly IlL 1988, Metallurgist and the Cherntst," at C?l-u_bt_tCollege,

l.tvermore, Call f,, March Iq88,

1:".M, Matthews, "C:(dlege I_,eacliness l'nGrarn Scientific

l"articipatkm," at California State University, l--la_'ward, M, I..,Sattler and S, I lulsey, "M(_dern Alchemy,
Calif,, May 17, 1_-)88and March 11,108c), Char_ging Metal into (;_lcl?" at ]_,(_sl'_Mtas ('_dlege,

IJverlrl(_re, Calif,, March 1980,
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K,,'.4crlbi_ur,"l:,xtrLi._l_n('a_tl!\pl_._Ivu._,l'vt>G,_,_lJ_y, I,,I':,'l'ai_n_,r,"'I'I_:M(_b_urvall_il__I'th_,

l'c,H_m_l_gy," ,ii Naval ()rcilhtrit't, _-i[,tll_ll, It_.ll,lll I lua_l, I'rulr,lnst'_rm,l[t,,n Iiul_,lvl_t' til ik,lol,llllL' l\ll_vs," ,ii
Md., April I_.L !.4lanl'(_rdLJillvor_lly, l)up,irlmull[ t_l' tvlalurlal._ ,'4cluilc.u,

/\lllltldlSV1111_t},'-IitIlllt_ll{.'(illlOllii-_(il',irvI_l_,_,tl't_ll

W. H,_ell_, "k.'lilt41c_1't. heml_ll _,, ai I_el_at_._,_l_Ce tvll_'l'_'_l._', _l,lnli_rd, ('alif., I:obrtlarv I_, I_J88.
(.',lllltb S,1111,1(.'l'tlZ (.:tlilB[y, C',lllf,, /\tl_tl'4l 21"bI_l,<t_,

I,. I!. 'l;inm'r, "l:}lspl,lclve I'ha._u'li'anslt_rlil,_ll_,ns In
1,:.C' _<_wa, '"l'he }{k.,ut.l't'w_ic'Sil'tl¢it.ll'U tfr (.ii'dill Ali -,, ", t_\D, ,}1 LIllllVUt'siiy i'd'L:,_lif_,'nta I'hv.,d<._
Ik_tlm.tarh.,s: /\ New, I.;i1._l-lhInctpIus Appr_,lcl_," ,_[ t'_ll(Nultim, I_,orkeluy,t'allr., .'4uplon_bur28, 1u88.
i'vlax I"larlc'k In,,-llll(il fr.it Mutalll_rschunl4, Stuttgarl,
VI,_(;, ,'4eplc,mbc,r 11, l_Su. J. Ci. "lt_bln, '"l'llo 14uvc,rslblu t;,_l'm,l[h,_ _1,_Stirt'acu Alhw:

/\tl/f..'tl({)()l )," ,1[tJnlvorsliv of C'allfl,'nh_, I:k,rkelev, L'alli,,

I', A, Hie,mc,, "l:ileclr_ntc SIrLIL'ItlI'C,O1'11igh 'l'umpuralure Ck'robot I_J88;Sh_l_E.'d Unlver._ll_; St,_nl_.'d, (:alll',,
Supi.,r,.'ondtwlor..,.U'al I"l(,'Ma/\llantic Lintverslly, 17t{,.,, C)<l_bor IuHH,
14,_k_n,I"I,_,,IVlay19HS,

K,Wllfln_ur,"C'urme[l'mcusslnv,,"ai1411tgurs

(:,(;,Slc,vens,'"l'w,_-Sk,l:,l'ho[odissoci,-_ti_nofM_h.,c'tih.,sUr_Iversi[v,Nuw l_rtlnswick,N,.I,,N_worrtbur22,luSH,
via (:)veri_.w _taio._: A I._ouk, t_ l]ond Suluctlvo

C"h_,mlstrv," at Llniversitv of .'4outhern C,_lll:,,'nla, .I. W(_nl4,"l:xF..,rlmental X-14ay/\l]sorF, tl_,_ Sl:,.,ctr(_sC(_l._y
I,os Arlgc,lc,s,C'altf., March I_H_. U._lngSvm'hrotr_n 14,Mh_ti_,_,"at Natk_nal "lhlwan

U nlvorsllv, "l"i_lpc,I, "lhiwal_, .Iu lr I _)_U,
!...t:!."h_nnc,r, ....I"huSVslenlaltc's o1:Pha_u "l"ral_sl'orn_alions
in k,lc,lalltc Allows," al L.inivurMlv of Calit:_rnh_ Malerlal,<_

tingiiluertng ("llll(icltiil.li11, Sail I)ic,go, Calll:,,,
[)t,COlll['lt,l' I tj, l u_q_,t,

Gordon Research Conference tin Composites, Ventura, II,I_ I I(_i'.,and .I, Z, I luang, "l'rlfl'dng lhu l-ilc,cir_nlc and
Calif,, .JaiIuary 111-:15,1988 I)t't'uci _lrtlCitlrt' ot" l'c,r(ivsklto .14i.ll:lt.'l'('l)llLltlCit_rs,"

_, .I, I)ul'c, rc,sa,"('(li]]t;_rt:,.<_sltlntil: (Tai'btlll I,'iburs," Pittsburgh Conference, New Orleans, La,,
I;:ebruary 24, '1988

American Institute of Mechanical Engineers Annual
Meeting, l'hoenlx, Ariz,, t:'ebruary 25-27, 1988 W, S, St.'lig, "A New l'lflelatk_mutric Mc,th_d l'_rLhc,

[islimaiioi_ (if rho I,_aruliarlh I.ilumc,i_ls,"

M, I!, I,f.a._sl_erand J,J, C)ldal_i, "I.,ilI'_L'-S{I'ilill Sttkady-
._hllu lTc,t:(irnlaLitln of Silver at/\laabil.!la[ ,'inel Nl.!ill'- International Conference (iii Hlgh-Temt._erature
Arnbit.,l_t Turnl_oraiul'eS," Superconduchlrs arid Materials and Mechantsnls (if

Superconductivity, Interlaken, Switzerland,
11,J, Mt:Qtluun nnd M, E, l(.assnt,i', "l:,xtc,i_clud Dll<tilily Feb, 29-March 4, 1988
in All.lminLinl arid (s.-lron Alloys,"

I', !,:,A, ".l"tirchi, A, 1,,Wac.'hs,Y, (.7,.lc,an,R, II, I ll_wull,
National Teleconference on Superconductivity, Sandia 1(, II, Wc,txler, and VI, .], t:luss, "l'(_slli't_i_ Annihilalit_n in
National Laborat(iries, Albuqtlerqtle, N, Mex,, Jantlary I'c,r_vsktto .._l.ipt,l'c"tmcltlCltlrs,"l'ho(,rv ai_cl l:iXl_c,rllnc,l_l,"
25-26, "I988

(..', 17,,Vl_del, K, V, I£a_, I),-X, (.'hen, and R, I,.

R, 1,.l..,andinghanl,, "SUl)erc{_nclucling Mak, rials l£c,sc_al*,<'ll," l,anctinl_,hanl , "1),{nslty,, Micr(istrl.lClllrc,, and I Iigh-'l',.
' ' _ll j_Ul'Cllllt:|riot iv i iy,"

World Congress (:iiiSuperconductivity, I-ii;li.ISr(li!,Tex.,
February 22-24, 1988 Arnerican Physical Sociely Si)ring Meeting, New

Orleans, I..a., March 21-25, 198/,1
M, I, l"ltlS,_,A, I,, Wachs, I_,Ii, A, Turchi, R, II, t l(_woll,

• _ , 14C._ (. _ _ IY. C', lean, .I, Kvle, II, Nakal_ishi, (.'., I!, ('ht.I, R I.,,Men?, I), (.'alef, • trtl ttirt, of Mtql,ttllar I lllids.
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A, _',_lli.<_,X,.,( l./,h,111t', I) Nh,h_,l,l_l_, ,lll_l (.' I,, I_LI, 1', tvl'l'ill_l._,n, I,, \'V, I Irlllw_l_, ,'ll_l I, M, 'l'll_,ll_,l_,

"Multll_lt' ._c,lltl,rli_g "l'lwlli'v Illi' (,t,lll,r,il Hl_ilcl,-I,'lllli_t,, "l',lrli,lllv I Ivclrldv/,t,d/\ll,,_l,xv_ll,llll,._ <_ I'i,_,t'lll'_(ll'_ l'(Ir

t't,Ii I_llll,nii,ll_, '' SiIic',l/\t,r_l_t,l<,i,"

W, I, Nl,llt,_,liiii R, I , I,,ll_dli_t._h,_i]_, "Shtwk (.'tll_llilt'ihll] [,_ t\, \/,iri l<_lllVllt,llblll'_, "14i_cli,llllli_ I_l't't,ci_ li_ (ll,l_._,

i_t I Ilth-.'l' ` tl\hl_, I"llw_ll,r_ In <i Ml,I,il M,lirlx," t't'r,illlit'_, ,llltl IVIliwrnl_,"

I, 11,_<lit'l', I, [,_,( hlint'.% 1",,Irl, I"t,_ll'_lll, I", (' Silllt'l'_, ,lntl (.'. I!; \fi(ih,l, I>,i\, I' I,_hl/,/,, Mt,i, '1',I_),ill,], (." t\li]l<l,_,ll],

I:, I"., McMtirl_hy, ".Nt,lf-I)lllti._tlli] Mt, ii_tlrt,i]wnl_ i_i_ ilml I, l(._li',ldn, "1 Ii_1_ 'l'_. !gl.ll_t'rctlndllClii_ _

Sllllcl I I_,'cll'lll4t,il_," I llllt,i-2((.'ti I vl"t,.v):_()7._;,"

I', t\, Sit,rill, ,iilcl { ', S, W, int:b "1 Ilght, r '/'<."l"l-irllii,l.ll} Alileri¢,lll Chelnlcal Soctely_ Dalla,,i, "Ibx,,

Mt,t,_llic'li_lt,i'hlvc, r t.'lltll-qtn.t, in IJl;,.Sr2(.',lC'u._t)_," April lJ-14, li}B8

I', i\, _lt, l'nt, ,iilcl t.', S Will_, "(.)xy,u,t.,l_ V,lc'dllt.'v li_cltlct, cl M. ,N,()h, I<_,W, t'rilwl'llrd, K, (.;, I;ll_it, i', ,liicl

/\i_[ilt,ri'l_l]l<ll_ilc, li_i_ in I.,,12t'tlt'll," i\,/\Ici-lr,ii<, "/\i]]i_lll_i,_ liv(llti[ion fi'orll \Ah.,_tl.,ril ilncl
lin,_lt,ri_ (.)tl ,.Sh,llt,,"

t.', I,',,\,'i(_lcl, 1', I.'lnitn, l, I,:._tr,ldn, f,', t\llTl<-i_ni], ,lntl J, II,

,Kiiln!'.v, "1"Jl,i'iv,liivc,t\l_,llv._i_ iii' Mngnt,lic' ,inel Rt,si._ltvc, Optical Society of Alllerica 4lh lbplcal Meeting till

Mc,,l_tlrc, ri_l,ill_ iii .Stil:_c,i'c'tli_cll.it'lli_ Ylli12(.'tl:t{) / .v," ()pttcal llltl.:l'ft, rence, Tu¢,<,ton, Arlz0, April "12-15, 1!188

t.', li \.'illlc,I, II, M, I x,dbuitt, r, ,ll]d T, I')nihl, "l,llw.- N, I,, "l'h(lil`i<l_, R, M, Itiol_l.n, I', t', (.h_bl'hqt ,, i\, 1_,

'l't,nll:_c,r,lltlrc, _ht,,lr IVlllclliltl_ iii [ht, k,lc,t,_l-(.)\ldt, .J,lnkllwski, ,lrlcl I), M, M,lklnvtt,ckl, "Yt_ung's lixl:_t, rin]t,n[
i i {") li +l i li_tl[_t,rcllnclllc'lllr I lil-171,1-("ti-l,t-.t , ,li 1,34 t\ll_.,-i[l'tll'il5 LJsinl.__piiitt,rc, d .Sltcucl Mulitln_,t rs,

i

X,-( l,/,hilng4 ,lllcl t\, (hmis, "l,_t,ftlrl'i'iuli-ltiC_l_ iii Sc'il[tt, rii_g American Welding Soclety Al_nl.lal Meeting,

l'llt,tlrv. in l'c,rms of ii'if (.'t_iTtl_h.,tt, .Sc',`itlt'riny, Mnirix iii New Orleans, La,, April 19-22, 1988
<lll t\_s,t,i_"ibiv,"

J W, 17,1i`ì it,r, "Mt,_l_urlrl_, Thf Rt,._tdtinl I:t, rrllt, ('tlntt, i`il

1., I,i, 'l',llll'lt,r, "l)irc,ct ()b.,-ic,i'vdiltlil._ iii l'rc, rn,_rtt, n._ilic tit' I,_<lpidlv ,S_dldlflt, d Stninh:_ S!;c,c,lAlhly,_,"
.%1rtictur,_l Ivltlcl tilillitln_ bv "l'liM,"

Confi:rell¢t;! on l.,a,,,ler,,.land l",'le¢iro-Optics, Ailaht_tlll,

Wtlrkshop till l:uslon 17,nergy, Lu_ano, Switzerland, Calif,, Aprti 25-29, "1988
March 24-29, 1988

, _ I,,_l / 3 ##J Ii, Mnrhm, "()l_tic,II Qt.lalliVIllgl`i Sirt, i`it4tl'i l.,ilst, r. lilt..%
M, W, (.itiil_,/n, "l,{h,ctrlc,_l R_,sistivilv 5lilclic, s ni I,_Tix,lS-11,"

I-I, 'ltlrnh-lni, Y, I,c,u, II, iVlc,is._nt_l',ai`icl J, Ii, Ik/l<li'illi`i, "loi_

Natlm'ial Orgal'iizalion for the Professloi'ial [)',xcl'iili'i/4t, Sil't, ngtht, laiiag i_l' Sli_b l,,_,_t,r._,"
Advallcen`ient of Black Chemists and Chenltcal

l_lagtneers, I'l`iiladelphia, Pa., April 4-8, '1988 SUBWOG 12C Meeting, Los Alamo,b N. Mex.,
April 26, "1988

I:, M, lVl,/iiht,ws, (.', M, W, llktIp, I. 1.,,Chit.i, ,lritl l.), M,

I I(_ftl`i`i,lrl,",,\clllt,sivc'.,_I'tir Sl:wci,_lI:tl<lri'is," W, S, Sc,1il4,"l.)t'it_i'l'ilil'i,llitll'i (ii' (.told <ii'ld IVllllvbcll'l'it.ln'i

in Sl._l_'c'ialM,_lt, rlill._,"

Malerials Research Society ,Spring Meetii'ig, Rerio,

Nev., April 5-% 1988 3rd 3optcal Meeting on Trtllunl Technology in

l_l,,ishln, I;usioi_ ,-ind Isotopic Appllcallons, 1bronto,

I., \'\/, I Irlibi,_h ,inel (.', '1', t\lvi_ll, "()plic,ll Ontario, Canada, May 1,-6, 1988
(h,_r,lctt_ri/,ilLhln til Silicn Ai,rlll._t,l,"

lt R, (.tu'tlnnelll, 1,'.,M, I;t,ni'l_n, I(, (;, (li._l"/,il, J, I,',.Shilw, lt t',

I_.,(i, Mti_kt,l ,inel I. M, "l'hllinn_, "lnll_r(_vt,tl/\dht,_illil _lltlt.,r_, R, I_, _Silln`il._,,lntl R, 'I'. "lkii_<iwil, "1 ltJ ()l.i[t¥1,_ii_14

Itlr ,si( );.!I',lrlicll,._ lll_ Silic,,_ l:4tlb_li'nlt,._ tl_in_ I lt,litim-. Ii'tm_ Ikltlr _A/lli'l,til_, I>,llh]etitll'i_ <ii'iii Urnililll'il I/_,cl_,"
i(li-_ lrrncli,iIi_ll_,"

R, i\, I,',llhw, I', (", _llllt,l'.% ,lntl .S,(. ;, l'rli._iil, "(.'tllTIITIt'l'it_ lln

M, .I, ._trtlrl`i, S, I(, I lWili`it4, <liltl i, .I, !iV, iVll_rri,_, '"l'lw lh\, (hl_-l'll<i_t' Inilhll Rilll' lll"l'riliillt.,d Wiih,r I,'(iril'inli(li`i,"
Inlltit,l_t't, iii I'llll'_li`i tin II'it, l)ll_'iilt,-I.iritllt, l'r,ii_ili_lll ill

l"l,.-M ii Sil,l,l,_,"

17',I



Swtiot/ 7 • l h't_itrtnlv/tt li('rs(m#tcl a/ld l'r(qi's.,;h_ltalC(mtrilwlli(_lls

IL M. I,'o,_r_m,"lnfr, lrud Analysis uf l.,kluM and St}lM I)..'1.... American Geophysics Union Conference, Baltimore,
Md,, May 13-14, 1988

N. M. I::v,u'on, R. C;,lr/,,1,eL'.M, C;rlt'ftth, S, R. IVl,lyhugh,
Ii, le`,k',l,lpult,s, I',C, Suut,,t's, R, T, "l_ug,_w,-_,.I,lh, .q,lk,r, .I .I, I.)c,Yt,'t,c_,1mt t\, N+lvrc_tskv, ''l'ht,rm_whc, nllslrv c_l
(.;, W, Culllns, <lhd .I, le`,C;atnt:_, "S_.,nthc,sls ,lhd Hl,_billlv I;ramc, w_rk Slli¢,lh., (;1,1ssusin lhc, Sv,_k,ms N,1M-_+
of I,tcltlld Mt_lc,cul,_r I)T," (32-.'-;1()2 (M :.-:Al, I¢, I:t,, (.;,i),"

Ii, M, I:;t,,-iI'tlrl, "Trltur_ Mt,mt,'v l'imt, il_StHtd DT arid its U,S, Army Ballistics Research Laboratory Workshop
I'qt_¢lc,,_rl'olarlzattorl," on Composite Materials, Aberdeen, Md,,

May 24-25, 1988
.I, i., Mait, rls¢l_t.,tn,I:, 1",McMurt_,hy, ,lru:t 1:,S, LJrlbv,
"Trltitim Sit,rage in l_m,t£×ch<_ngedZc,(Hltes," le`,M, Cl_rlster_sun, "l:allure uf C'umpt_:dtc,Matc,rh_ls,"

.I, 1..,Matenschutn, i:, Ii:, IVlcMurl:,hy, and V, L, l)uVal, International Symposium on Dissociative
"I nero,ast.,_f Tritium I'twmc,ation Through le`eststarlt Recornbinatton: Theory, Experln_ent, and

i") td t i ,,ik,lt,tals ;tr 323 K by 1.attice L t lt_Ct, Applications, Chateau Lake Louise, Alberta, Canada,
May 28-31, 1988

C', T, lk,ng, le`,I,, I-It.ii1,1',C, SOtlL'rs, ,alld I_,R, ('tlrtHldLt(I,

"Tritittm l.,abc,ling ot" Amirlt_ ,,\clots and Ik,ptlcles with J, le`,I li.,.;kt,s,and A, M, K,irtl, "l)lss(wicttiv|.,
I,itluid and .qt,lid Tritium," le`o¢()mbinati(_ta (ii' 1+!o_+ and I1:_' Itlns tm Surt,lcc, s,"

li (-', 5tll.lurs, 1_,_VI,t:o,aron, E, le`,Mapoh.,s, J, I), S<lter, (.;, W, Workshop on Computational Methods for the
Ct dlins, J, R, (;ainc,.% R, II, Shc,rman, ,and J, R, l],artlit, Electronic Structure and Related l'roperttes of Alloys,
"Trittm Mt_,mcwv Timu ila .qulM IDTand its Nuclear University of Kentucky, Lextrigton, Ky,,
l'(,larizatit_l_," May 30-Ju.rle 10, 71988

I', (_i,_tlLIt,rs, t!, M t:t.'ilR_ILI'_,I'(, _ttl!TIp, i*illc'lle`.]', .lt t\, ,.qtt,l'llt.', "l_'.lt.,ctrilrll¢ .qtrtl¢itlrt_ _ll 1ltgh "l{!rllt:u_,rilturl.,
"lktlgaXva, "lrlfrilrt!d t\ilalvsis tit l.icluid arid Bolid I)-T," Stlpc,rctll_t.tl.lc'ltlrs,"

W, VVilstm, 1_.,J, lJtl.rroc,, I7),1, (.'hallll.'_t,rs, Y, Chang, J, T, 3rd Chen'ilcal Congress of North America, Toronto,
Mc,rrill, I_ C, S(lut_,rs, and le,.K, Wiggins, "A New Box Ontario, Canada, .lune 5-.11, 1988

Gyst_,m l'tlr ,a I iigla l'ressurt., 'rritlum I'ump,"
17,,C7,f..i)tl(Ik,"A M(ih.,culrlr View til' Bulk l)c,f(irrlli_iti(irl, ''

An'lericail Ceramics Society, Cincinnati, Ohio,

May 2-5, 1988 13,L, t lac,ndh.,r, 1,, M, flair, ariel I,',-M, Ktlla_,, "Tlac,
Al._plicatit_n of Statistic<al17:xpt,rimt, iatal I)usigla tt_the

tt _ i,, -, tj

M, .1,Wobt,r, Last r 5pt.,ctr(isctlpy arid (]lass Structtirc,, l)c,vt, loprlac!iat(_f l_,tlw-l)c,iastty I._(llvrller I'oai-rls,

/, Wung, "X-l,_av Abs/_rlgtion 5t_c,¢lr(isc'(ipy til (;hlssus," le`,W, lk,kala and R. E, .qttmc!, "l,tlw-l)erlsiiv l£us_lr¢intll-
I,'twrrlalclc,hvde I:tmms,"

I, W_wlg,,_l)t:lM, J, Wobc,r, "XANI].q arid I!XAI:S

Stud los irl' C;liass," .I,(;, I{c,yrt_lcls, "l>vr(dvsis.. c_t',.q.'urulvsicle. (Utah)"ltlr Salacl',
(.."laaractt,ri/.atitll_ tit' V(llatile (.7(llrlptll.lilCl l_v(lltltitin,"

Materials '88i Materials and Ertgineering l)esign,
_t , tLondorl, Ertgland, May 9-13, 1988 J, (;, le`uyrl(llcts, (. haractc rlzi-ltit:_ll tit Nit'kel ,._rld

Vilrldclil.lm (..i(imt_iltllldS 111Tar .qal'lC'[I:llttll'ilt.'il bV
(;, A, I Iorlslaall ,llld t\, K, Miller, "l'lavsicallv-IJa.<,t:d I>c,trtllgtll'pllyrill Qt.ial_iitalitll_ and Si/.t, li'.xclusit_ia
(.'t_iastitulivt, I;icltii]titlias l(+r (..'rc,c,l:_and l'l,lstic:'ilv: C'vc'li¢ (_'hri_i_aatllgralghY(.Ttlutr_lt,d with l!lc, mcu_t

' ) ##Dc'ftu'i-laatit lia," _l:_t,t'ifi ¢ I)c,tucti( n,

ITER Magnet Specialists Meeting, Max Planck lnierrlational Conference on Ion Beam Modification

Institute for l'lasma Physics, Garching, I:RG, of Materials, Tokyo, .japan, June 12-17, 1988
May 9-13, '1988

;I). W. I:,rt_xxn, Z./\. Mtiiatr, ,lint le`(;,Muskt't, "l;(irrl_,ltitli_

M. \4i, (',tlilldll, "le`,ldi,llk_l_ [,)(IMdld,c!irl _tii-lc,rc',:li_icltit'itlr,s." til a Nc,arlv I'tli't,/\l'tlmint.iil_ I,civt,r iri I_c,rvllitlm l_isiil_
I(_l'lllllplalll<lli(iri arid l>(_st-iilltT,larli Ailnc,,:iliilg."



6th Target Fabrication Specialists Meeting, American Crystallographic Association Annual
Los Alamos, N. Mex., june 20-24,1988 Meeting, l'hiladelplaia, Pa., June 26-July 1, 1988

B. L. 1laendler, R. C. Cook, D. L..lames, F.-M. Kong, D.K. Smith, G. S. Smith, and R. I_. l,anctingham,
S. A. Letts, S. C. Mance, G. E. Overttirf, lli, D.L. "Hysteresis in the ()rthorhombic-Tetragonal l'_hase
Schtlnaanrb and J. Clarence Thomas, "L,ow-l)ensitv Transition t)f 123 Superconductor Materials as a
Polystyrene Foams for Direct-Drive Laser ICF Targets." i:unction ()f Oxygen Fugacity."

E. J. Hsieh and R. S. Upadhye, "An Integraled Model I_. E. lhnner, "l'remartensitic Microstructures."

for Sputter Coati ng U ni fortuity."
Combustion & Detonation Phenomena, Karlsruhe,

I ormatzon of Spherical- FRG, June 29-July 1, 1988K. Kim and R. S. Upadhye, " _ '

Shell S!O 2 Aerogel Pellets Using the Sol=Gel Method:"
1_,C. Crawford, R. L. Simpson, F. I lelm, and J. Kury,

F.-M. Kong, "Low-Density Resorcinol-F'ormaldehyde "Sh(wk Initiation Studies on Heterogeneous Explosives."
Foam for Direct-Drive Laser ICF Targets."

Gordon Conference on Fuel Science, New Hampton,

1]. D. Kramer and R. S. Upadhye, "Development of a N.H., July 4-8, 1988
Die System for Molding Target Parts from Polystyrene."

A. K. 13urnham, "Modeling the Kinetics oi:

E. F. Lindsey, C. W. Price, P. L, McCarthy, and M.A. l)etroleum Generation."
l_,ane, "SEM Analyses of Machined Surfaces on
l_olystyrene Foam." International Conference on the Calculation of Phase

Diagrams, Berkeley, Calif., July 7-10, 1988

G. E. Overturf, ';Drying Studies on Inverse EmuMon "
PS Foams." L.E. qilnner, "The Systematics of I'hase Transformations

in Metallic Alloys."
C. W. Price, "lon Microanalysis Of Beryllium."

Gordon Research Conference on Electronic

C. W. Price, P. L. McCarthy, and M. A. Lane, "Defects in Spectroscopy, Wolfeboro, N.H., July 17-22, 1988
Machined Aerogel Surfaces., "

J. G. Tobin, "Spectroscopic Observatitm (_t lhe Formation
C. W. l'rice and P. L. McCarthy, "Low-Voltage Scanning and L)efornaation of a Surface Alloy."
Electron Microscopy of lhrget Materials."

4th International Conference on the Structure of

JOWOG-9, Albuquerque, N. Mex., June 20-24,1988 Non-Crystalline Materials, Oxnard, Calif.,
July 18-21, 1988

C. L. Coon, P,. McGuire, P. F. Pagoria, and W: C. Tao,
"Synthesis and Characterization of CL-20." M.J. Weber and J. Wc,,ng, "EXAFS/XANt!S

Determination of the Rare Earth Environment in

K. Scribner, "Th Effects oi: I_rocess Variables on the t:quoroberyllate (3lasses: Comparison with Molecular

l-_erformance ' Characteristics of TATB." Dynamics Sinlulatitms."

R. 1_.Simpson, "Shock Initiation of Heterogeneous Gordon Conference on Physical Metallurgy, Meriden,
Explosives an_ ;gevelopnaent t)f Imbedded Gauges." N,H., July 18-22, 1988

1) A. UHiew, "Shock Initiation of Heterogeneous A.F. Janl<owski • trann Wave Effects in Metallic

Exph_sives and Development of lmbt_dc!_id Gauges." Multilayers."
'

Society of Engineering Science Anm_al Meeting, 19rh Annual Meeting of the Fine Particle Society,i

Berkeley, Calif., June 20-25, 1988 Santa Clara, Calif., July 19-22, 1988

R. M. Christensen, "F_valuation of a New Failure W.L. Barmore, L. W. I trtll:_esh, 1.- l;.. Keenc'i and Ii. I,.

(._','io:,er..>nf,_.' Fibr,_us Composite Mnt,,rial,;." Raym(md. "RI_ lnducti_m-l'lasma Apparatus t_r
(;enerating SuDmicr_)n I)artMes <)1Metals."

5
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C, VV,l'ricc,, "Micrc)structural Characterixatitm of C;ordon Conference on l'hysical !!lectrochemislry,
')' iiI.a)w-.l)ensitv I:t CIFIlS. New London, N.H., August 8-12, 1988

international Conference on Magnetism, Paris, J.C. I:armur, "l'hvsical l-tuclr(whemi,_lrv,"
France, July 25-29, 1988 ,

4i,,th Annual Meetinb_ of the Electron Microscopy

(_'..g. Wang, 1'.A. Sterne, I_,(;. Mc(,3ueun, nnd Societyof America, Milwaukee, Wis,, Augtl_t 8-12, 1988
A l'}hatlacharva, "'Magnetic Intt,ractions in I ligh-'l'<
Supurconductors." I{, I:. I_indsuv, C, W. I'rict,, I;',,I,. I)it'rct.', i,llltJ 1;',, .I, I Isiell,

",ql:'_MAnillysis _)t I)C Magnetr_m Sprit tc,red
23td Inter-Society Energy Conversion Engineering Beryllium l:ilms."
Conference, Denveb Colo., .]u ly 31-August 5, 1988

bcl.I,. Hattler and M. A. (_)'l¢,uefu, "ldentificati_m t)f

W. A..qtuuh.,, 1'.I'},M()hr, Iii. R. l,eider, and T. l:_. I'uriociic Structure CharatAur'ixed fr(}nl Anlc)rphotls

Ilirschfeld, "A N_wel/\ppmach to Abraskm Rt.sistance." Support by Simulatj_.,n and I'nw0ssing "l't,chniqt.les,"

Denver X-Ray Conference, Steamb.oat Springs, Colo., International Society for Optical Engineering,
August 1-5, i988 Meeting on X-Ray Muitilayers for l)iffractorneters,

Monochromators and Spectrometers, San Diego,
I. II Kinnt, v, M. C. Nichols, (2. C..I,.>lanstm, U. I:_tmst_,, Calif., August 14-19, 1988
I,_ /\. Sarovan, R. Nusshardt, and R. l_ahl, "Advances in

q'w() and Three l)imensit)nal (.7hc,mical State Imaging R. F;icmta, 1L.Ablus, K, C't)t_k, (),.Edwards, I', (;abriele,
using Svnclarotrtm Radiati(m." A. I:. Jankt,wski, I). Mak(m'iecki, I,, (.)ft, and N. 'l'h(,mas,

"Sputterud-Hliced Multilayers: Zone l'lates and
Gordon Conference on Water and Aqueous Solutions, Transmissi(m Gratings tt)r 8 keV X-Rays."
Plymoutl'b N.H,, August 1-5, 1988

A, I:..lanks.)wski, and I). M. Mnkc)wiecki,

I). (;. Miller, '"l'ransp()rt l'r()purties in Mixed lih.,ctr()lvte "Manufilcturu, Structuru and I'eH:()rmance t)f W/I_,I(.I'
%dtltions: l\u.ults from the lnternati_)nal Ctdlaboratiun Mt.lltilayer Mimers.
_m [hu NaC'I-MgCI2-1 I_() S\'stum."

14th Underground Coal Gasification Symposium,
International Con ference on Synchrotron Rad iation Chicago, !11.,August 15-18, 1988
Instrumentation, SRI-88, Tokyo, Japan, August 1988

(;. A. Metzgur and J. A. I:_ritten, "l)ata Ac-luisition
I. ('urine)and J, Wong, "Beam l.Ane 1(): /\ Multip_)h., System and l_)strumentati(m for the I{ocky M{)t.lntain !
Wiggler ]}t'd1111il'lt' ,_1[HSI'_I., " (.9_)01Gasification "lL,s[."

Quantitative Nondestructive Evaluation Conference, 5rh International Conference on X-Ray Absorption
La Jolla, C,"!if., August 2-3, 1988 Fine Structure, Seattle, Wash,, August 21-26, 1988

J. Ii. Kinnuy, M. (.". Nich_)lsl Q. ('..lohns_m, U. I_tmst,, 1_.1"_.(;reug,_)r, I;. W. l,.vtlu, 1). R. 5dallStrt)m, M. J. Wuber,
R. A. Sar()yan, and R. Nusshardt, ".q\,nchr_)trtm and J, \a,gm_,, "Site Sch.,ctivity in Mn (;lass Using
Micn)t()m()graphy: Tlav 'Inside' Ht()rv." ()ptical XANIi.q."

Gordon Research Conference on (]lass, N.B. (;rt't,gt)r, I:. W. I.vtlu, B. ('. (.'hak()un],_kc)s, R. C.
Tiiton Academy, N.tt., August 1 -5, 1988 Ewin_4, R..]. IA\'ak, I".W, ('. lr., 1!. I). (_'n)zier, N.

' Alburcling, A. 1. Sear),, (;. W. Arn()hl, M..1. Wt'ber,

M. I. Wdwr, "()ptical Studies ()t the ."qtrt_ctt_rt, ()1( ;lass." l. W_mg, and W..l. Weber, "Applici_tion (_l Vari(_us
I:'XAI,'H'lt,clanitl)._t,s 1_)lhu Invt, l-_tigatitm ()t ,qtrt_cturallv

Microbeam Analysis Society, San Francisco, Calif., l)ana,_gt,d M,_tt,rials."
Augus_ 7-!2, 1988

.I. Wt)rig, "Mt'tal ,%ilt's ,and I_tmding in I_t'ta-l_t)r¢)n."
.I. tt. Kinnt,v, Q. (. I_)hns(m, M. C. Niclat)ls, U. I_,_)_st,,

N./_. %,_rt)\,',_n,N. Nusshardt, nnd R. I'ahl, "'lhrut,:- 1. \A/_)ng,"'I,IX/\I.'%<)n Nt,ar Mt)n<)lil\,ur _)f I t,_lnit_m."
l)inat,nsit)nal X-Nay IVlicrt'tt)m()e, raphy: I)rinciplt,s ,llad

- ,,\p))l icnIi()ns."'

/ 7"t,



Sectic_ll7 .. l)elJ+lrlnwlit Ih'rs_lllwl illnt I+r<qi'ssil,ml Colllribllli<_lls
. ,

J: Wumg, "S_lute l"airir_g in S_,dtltion llardened .I.(.;. l,k,ymilds, "l.?,eal-'l'imu, t.'h'_-.I,ine l)t, terrninatiotl _._t:
1;CC Alloys " (./arbc_n Mom_x de in I'i_ssil li',nergy Research using

Charge Exchange with Kryph,n in a Triple Quadrupole
4th lnte,'national Conference on Infrared Physics, Mass Spectrometer."
Zu rich, Switzerland, August 22-26, 1988

M. O. Riley, C. M. Walkup, and Ii. S..]essop,
I,. W, Hrubesh, R. Staffin, l). 13.Boercker, and "Spectral Filters 13ased on l:!thylene/Acrylic Acid

T. Wainright, "Studies of l"olymer Foam Morphology Copolymer lonomers."
with F1I,?,Laser Scattering."

J. (7;.Tobin, "Using Core Skirt Measurernents lo Folhm,

European Electron Microscopy Conference, York, Surface Alloying and Mix!ag."
England, September 4-9, 1988

7th International Symposium on the
D. Schryvers, "High'Ie, esolut'ion Observations in the Thermodynamics of Nuclear Materials,
Omega Phase Strttcture in Ti-Mo Alloys." Chicago, 111.,September 26=2% 1988

,

Symposium on Synchrotron Radiation-Photon Beam O.H. Krikorian and 13.Y. l_ai, "Modeling of tleat
Lines, Taipei, Taiwan, September 10-12, 1988 Capacities of Metals."

U. Bonse, .l. lq. Kinney, and M. C. Nichols, World Materials Congress, "Atomistic Modeling:
" 7 ' _a ./(..hemic, II\ Specific Microtomography Using Beyond Pair Poterltials," Chicago, I11,,
Synchrotron Radiation." September 26-30, 1988

2nd International Symposium on Aerogels, A. Goals, X.-G. Zhang, P. E. A. Turchi, G. M. Stocks,
Montpellier, France, September 21-23, 19.88 W..l-t, 13utler, and D. M Niclmlson, "Symposium on

. Concentration l)ependent Effective Interactions in
R.W. Pekala and F.-M. Kong, "A Synthetic Route to Substitutional Alloys."
Organic Aerngels--Meclmnism, Structure, and
I'roperties." A. Gerais, 1'. E. A. 'l\lrchi, X.-G. Zhang, G. M. Stocks,

I9. M. Nicholson, and W. H. 13uth.,r, "Concentration and

T. M. Tillotson, I_. W. Hrubesh, R, W. pekala, and J.D. Temperature Dependent Effective Cluster Interactions

I_eMay, "l'roperties ot: l'artially Condensed Silica in Substitutional Disordered Alloys."
: l)erived Aerogels."

A. Goals, X.-G. Zhang, G. M. Stocks, W. H. Butler, and
: Metallurgical Society/American Institute of D.M. Nicholson, C.oncentratu n Depenclent Effective

Mechanical Engineers Fall Meeting, Chicago, !11., Interactions in Substitutional Alloys."
September 25-29, 1988

American Vacuum Society, Atlanta, Ga.,

A. F'.]ankowski and R. M. Bionta, "Multilayer October 3-4, 1988 , .

X Ray Optics."
A. F. Jankowski, L. R. Schrawyer, M. A. Wall, and

M. E. Kassneb 1_.H. Adler, M. G, Adamson, and D.E. 1). M. Makowiecki, "Interfacial Bondinb_ in W/C and
_ N ul'eterson, "Evaluation and Therrnodynamic Analysis ,1: W/B4C Multilaytr.'.

Phase l.;_quilibria in the U-AI System."
J. G. _li_bin, "Column 1B Metal Adsorption on

I_. E. _lilnner, "l'hase Transfc_rmations in Rapidly Ge(II1) = the Growtll Mode of Cl.l(()()l)."
Solidified AI-Be and AI-Be-Li Alloys."

JOWOG 22, Pu SUBWOG, Los Alamos, N. Mexo,
National Meeting of the American Chemical Society, October 4-6, 1988
Los Angeles, Calif., September 25-30, 1988

R. S. Rosen; iV. E. Kassner, and J. J. Oldani, "Simple
19. M. I lull:man, "Anelastic and Thermal Properties c,f Constitutive Relationshi_",s for the YMd and Alternate

l!{thvlene/Acrylic Acid Ck,polymers Partially Ionized Slrengths of Alloyed l_luttn_iunl in Conlpression
with Transition Metals." Tension and _li_rsion."
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JOWOG 22D, AWE Aldermaston, U.K., International Seminar on High Energy Working of
October 4-11, 1988 Rapidly Solidified Materials, Novosibirsk, U.S.S.R.,

October 10-14, 1988

J.W. Elmer and T. W. l!iagar, "M_.a,'rlrlng,s ' the Ferrite
Content of Stainless Steel Alloys Using a Vibrating W.J. Nellis, R. I,, Landinglaam, and J. B. 1Itflt, "Slaock

Sample Magnetometer, Compaction of Su Fercond uctors.

Workshop on Applications of Copper as a Nuclear JOWOG 28/12th DOE Ceramics Workshop,
Waste Containment Material, Paris, France, Albuquerque, N. Mex., October 10-14, 1988
October 5-7, 1988

M. S. Cost antino fllld B, Holt, "Conlbustion Syrlthesis
R, D. McCright, "Status of Yucca Mountain lh'oject uncler l ligh Gas l'ressure."
Container Work,"

M. S, Costantino, "High Pressure Processing of Oxide
R. D. McCright, "General, Localized arm Stress Superconductors."
Corrosion of Copper-Based Mat_.nals. ,,

I_.G, Curtis and O. H. Krikorian, "Development of
R. D. McCright, "Fabrication and Welding l'rocesses for ()xidat'i0n-Resistant Coatings for Refractory Metats at

tc rla Is. 1200-1800°C. ''Copper-Based Ma , ' "

Commissariat a l'Energie Atomique, Fontenay-aux' O.H. Krikorian and P. G. Curtis, "Development of
Roses, France, October 7, 1988 Ceramic Coatings for Molten Metal Containment."

R. D. McCright, "Status of Yucca Mountain Project 1-1.R. Leider, "A Retrospective Discussion of LLNIJs
Container Work (Copper, Iron, and Nickel-Based Approachto Materials Aging."

Materials)."

J. D. LeMay, "L()w-Density, Fine Morphoh)gy F()ams
Festkolloquium Anlasslich des 70. Geburtstages von from Macroporous Epoxy Gels."
Prof. Dr. Rolf Haase, Technische Hochschule, Aachen,

FRG, October 7, 1988 J.D.l.,eMay, T. M. Tillotson, and L. W. lqrubesh,
"Mechanical Properties of Aerogels Derived from

I). G, Milh.,r, "Application of Irreversible Therrno- Partially Condensed Silica."
dynamics to Electrolyte Mixtures: Results from the

International Collaboration on the Transport Properties R.W. Pekala, "The Structure and Properties of
of NaCI-MgC12-1q20." Organic Aerogels. I'

Xllth Materials Research Society Symposium on the A.A. %,sar, "Advanced Laser Glass Developnmnt."
Scientific Basis for Nuclear Waste Management,

Berlin, FRG, October 9,'13, 1988 2nd Annual Connoisseur Users Meeting, Ft. Meade,
Md., October 11, 1988

J. C. Farmeb "Status _f Yucca Mountain Project Container

Work (Copper, Iron, and Nickel-Based Materials). E.T. Mones, Recommended Belt Furnace Sealing of
Microelectronic IC's."

V. M. Oversby, "Uranium Transport in Topopah Spring

Tuff: An Ion Microscope Investigation." Conference of the American Association for Crystal
Growth, Atlantic City, N.J., October 19-21, 1988

17rh Annual North American Thermal Analysis
Society Meeting, Buena Vista, Fla., October 10, 1988 I_.J. Atherton, R. W. Martin, D. H. Roberts, and J. F.

Cooper, "Induction Heating for Bridgman Crystal
" _S IiD. M 1t_ftman, "l)ynamic Mechanical and Thermal Growth: Mc_del Predictions and Experimental R_,'ults.

Analysis {_fCrystallinity Development in Kel-F 800

and TATI:_/KeI-F 80() Plastic B<mded l'2xph_sives, i't. 1. J. tv.Cooper, 1--I.l._ugg, M. Shinn, D. Roberts, and L. J.

Kel-I v 8()()." Atherton, "Growth of Yttrium Aluminun_ C,arnet by
Gradient Freeze Technique."
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Neutral Particle Beam Annual i'rogram Review, .I. ('anl,bell, A, 'R, sar, C'. Weinzal_iel, M, Weber, Y, I,in,

Los Alamos, N. Mex., October 19-21, 1988 II. IVleissnc.l, and 11. 'l'_u'atani, "l!t:led _lt (..,_mlp¢_siti¢}n

on flat' Sl.x,ct i't>s¢ot_ic I'rt_t:_c,rtic, s t_f Nd:_*-I)cHx, d
i. R, I I iskc,s, and A. M. Kar(_, "l_c,ct_lllbinilt;itln alld I:Itlt_ridc, l.,aser (.;lasso,s."

l)isstwiati\,'e Rc,ctmlbiriatit_n t_f 112-* and 113* Itlils tin

_tl rl,lct,H wi[ h iSppI i¢a lion lo Vol u ltir, 5o1.11't't's." A. iS. 'l-'c,sar a nd M. <Gtlsca v_lgt!, "(.itlnt't, ll ira ii,in

Quc,ilching in Nal-diN:wetlqutw.idc, (]lasst's,"
1si International Synlposiuni on. Combustion and

l'lasma Synthesis of High 17nlperalure Materials, Anlerican i'hysical Society, Collferellce Oil the

San Francisco, Calif., October 23"26, 1988 Applications of Accelerators in Research and

Industry, Denton, Tex., November 7-9, i988

J. B. {loll and Z. i\. Munir, "Sylll pl lM u na tm

(,'tli_lbtistitlil and l>lasma Synthesis." R. (.i. Mtlsket, "Applicaiioils i_l l(in Inlplantati_m f(ir

M(idifyillg lllleraclJclns belwet,n Melals and
(., i.1S.'15thDOl)]Compatibility, Aging and Service Life I lydrcGen ' "

Conference, Miarnisburg, elite, Oc#..ober 25.-26, 1988 ..

DOE Integrated Contractors Meeting and SUBWOG

i\, Alcaraz, R. W. Crawftlrd, and K. G. l::(isiei', 12A Meeting On Coatings, Sandia National

"Dc'l.t"rminalJ.(in (ii VVilIt)I' iii 11r2() 3 Using ()ll-I_inc, ' Laboratories, Livermore, Calif., Novenlber 8-10, 1988

i_/l <1SS Sl;_c'c'[ l'tllllc!t rv,"

A. f:..Iankt_wski, l). M. Makowic,cki, and R. M. l')i<lnhl,

. _l ' ' )30lh Anntlal Meeting of the Division of l'lasma "Multilayer X Ray Optics for I\e lecti_ ii and
l'hysics of the Anlerican lihysical Society, Transnlission."

Hollywood, Fla,, October 31-Nov. 4, 1988

J. C. I:;'arlller, W. I). Boilivc, rt, ancl J. T. l-lachlnail,

.I.R. I liskes and A, M. K(II'(I, "Rec(lillbillaticiil and "Trine,ct I::rt.,qtit'llcy I_eversible lilltgc, d<lllCC,l>l'_>bc' t()r

I.)isscwiali\,c, l_ectu_ll:_ina{ioil til 112_ allot 1-13_ It_llS the Mc,astlrC, illell{ of l)ilutc, ()rgallic" Addilives t:(ir

,iii .Gtlr iicc,s." 17,1ectrot,lating I_aths."

.I. I,t. 1Iiskc,s and iN. M. Karts, "Studies _ll l,_elaxati_m and 25th Semi-Annual Bay Area Conferellce (iii High

I_c,c<_l_ll)inali(in l>rt_ct'sses l)tlrillg I1 _ ISt)l/1[),lrc-lnll, i1[ ()f Telllperature Science and Technohlgy, Lawrence

k'lt'lal .Gtll'lact.,5,1[ l.x_w and Intermediate, l!nc, rgitrs." Berkeley Laboratory, Berkeley, Calif,, November 9, 1988

i . . _ , HWelding Research Council Subcommittee on the (). II. Krikorian, "Ml_deling ifr I-lear C'apac'itv _1:kit. lals.
Welding (if Stainless Steels, New York, N.Y.,

November 2, 1988 International Symposium on Multiphase

Macromolecular Systems, at the 14th Biennial
li S 'I. W, l::lnlc'r ,lhd "1' W. li,igar, Mc,a.urlng tilt, l:t,rrih., Meeting of the AC\ Division of l'olymer Chemistry, .

( )ntr'iii ()1 I,tapictlv St)liditied Stainless Steel All()ys." San Diego, Calif,, November 19-23, 1988

15th DOI:'. Stlrface Sttldies Conference,. Clearwater J. 1). l,eMay, "l,_w-l)ensiiy, Ulira-I:inc, M_rplac}l(ggy

Beach, I ta., Novelnber 1-3,1988 I::tl,.llllS ll'Onl Macrtlpclrt)l_ls I;;poxy(lc, Is,"

(' \,Y. l'ricc,, ('. W. I l,ltc'ht,r, ,lllcl [>..I. \/VC,gllc, r, "/\naly,<ds Fall Meeting of the Materials Research Society,
c>fSi.irtact' l)t,p_sits; and I:iln_s _>ll N_\'a I)c'bris \hie,Iris." Boston, Malls., NoVenlber 28-l)eceinber 3, 1988

(' \,\/. I'ricc,, "(.',llculalilins c_t_l_lrldct, Ihac,rgic,s di'let .1.Chatldhtiri, S. Sh,iii, and A. I:;'..lalaki>wski, "X Ray

!qlll't/itTt,-l;'ilrct; l't,llSC_rs tl'tllql Sinatli,atc,d ('rystill ,GtlrfilCt,s," l)iffractit_i/Analysis t}t ALI/Ni Mullilavers."

American Ceranlics Socieiy) (-;lass l)ivision, S..I. l)t,lbresa and R. J. I;',irris, '"l'hc, l>rJlllt , Illli._¢)rhlnt't, i>t

TtlCSOll, Ariz., November 6-9, 1988 Sc,ctlnd-( )rclt,Y I:ffecis in I\l%lct-I\t_d I'cll\,meis.

I. I'. t ',llnlq_c,ll, i\. "it's,lr, 1.. Wvinlai_ft'l, <lnct M. We,btu', J.S. I lit,lng-, R. (;. Musl<t,l, ancl M. t\. Wall, "l>l_,ls_, ,li/cl

"l"llc,ti i_t C_n_tx_<_ililll_ iii1 lhc, ?4t>c,tirt_sC_l_ic I>i'_periit,s Mic'rt_strt t'[tlrt'<_ tit (,lrblln-lnll_l,lnted Nit_biliIT_."
(,t Nct-dl,lv'cl l'lll_wictt' ( ;l<l<,sc's."

.=
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A, IL '.lankt_w'-iki, "(_'t_hert'nu\, Strain Merit,l/rig _1 I!lastiu Joint AAAS-AI'T Symposium on Synchrotron
Mt_cluli iii C'u/Nb Mtlltila\,'t,r<;." Radiati0n, San l.'rancisco, Calif., January 198 t)

la. M. Niuhc)ls¢)n,G. M. Stt)cks, W. M. 'l'ctla,i)nt'l'ln,,in, .J.VVc)ng,".k/l<,itt,x'iill_Stt.vdit,s LIsing X--Ray/\bs¢)rl_li()l,i
"_" t "1'.A. Storm.,, al,iclI). (;. I'ettifor, , ii' IcLur_nl'l'win Spectrc_scc,pV

I)iftt,rence in A;l:(l'i' "l'he R()le ¢_1''l't,trag(_nal l)i,.;t_wti(m

iJ__1'1_0n_l 'l._vin J_'r,_,.,v,_.it,_." Gordon Research Conference on Composites,
, / Ventuva, Calif,, .lanuary 9-13, 1989

,q I{,,i'':',r;.i, b!,',{'-;i't_l['_l'_l# _'V, I). Nix, S, Baker, and A, I{ '

lani,'{¢,'_;sk"/',i(;<,ld-Nick{'l Mull ilayt, r lqlms: Slrtlc!:ur{,- . S, 1. l)e'l'vrc,sa and R, .I. l;arris, '"l'hu I'rime Iml:_{wlance _1:
I'r{_lx'rly ('_,'rulatiol>." St,c_mcl-C)rd{,r I_:ft:t,clsil,i Anis_lr_t:_ic M<ltc,rials."

'I' l_akalakt_s and /\. I:..lankowski, "Critiual IG_cn_mc,na XVI!! !,'_formal Conference on l'hotochemistry,
in f'qal,it_scalt,Mull/layer Materials." Sanh_ Men/ca, Calif., .January 9-13, 1989

,

1988 Eastern ()ii Shale Syml_osium, l,exington, Ky., W. Ii. ('_naway and C. (;. _tt,vc, ns, "Stal.t,-it_-Stait,

November 30, 1q88 l'hi>lt_disscwiaiitm l:roi]l I lighly lixcited \lil-u'atit_l_al
States _1 I 1.4.),"

'].' 'l'. (.'(.l[_tlrll, R, VV, :['dVitli', ,lllci (.'..1, Mtll'ri.% "1 ,al'l(li'4i01'V

Stl.idic,s (ii Nc'\v l\lb<lrly Sh]lc, Iqash 'l'vrlllvsis LJi,ictt,i' AclalScripta Collforol]ce (li] Metal/Ceramic Interfaces ,
St>lid-I,_c,c\,clc,('_l,iclititms: C'i_t'rrlislry ai_d l'(inc,iics." Santa Barbara, Calif,, Jarluary 15-19, 1989

]. (;. I,_evrit_lcts"1' "_Gramrl]c,d "l"c,1]]]._t'ri.il.tlrt,l>.vr<_l\,sis Z.-(;. Zh41_l_,, Ii. ('. _tIW/.1, dlld t\, (hlnis, "t\ I"irst-
)' 1

('¢ln_pdril_ big (.'lifiv. (Kc'l_l.tlc'kv)'lhr .%il_ictalld l>riilcil_qes Mc,th¢_dId.lriilc, I)c,lc,i'rnii_alitu_ ¢_flhc,
t\st_haltt.'rle,from l..,ab¢_i'4/tlrvai'let I'il_t I'.tal_t l".lc,ctr¢_r_ic"<qlruclurc,c_t(lr]in I_>_urlLlaric,.',' _ "
Exlr]clod Bit u Iilc,n."

SPIE's OE/LASE '89 Meeting (iii Optics, Electro-
Alllerlcal] Geophysical Un/till Coi]ference, Optics and Laser Apl._lications in Science arid
San l:rancisco, Calif., I)ecember 0-10, 1988 iingineering, Los Angeles, Call f'., January 18-2#<),1989

J. J. l)t'"l"oi'e!_<tinctiX. Navrtliskv, "Thf I lear Ceillit'/ats ¢11 i.R. I liskc,s 41ld tk. M, Kar¢l, "l<c,ctli-nbii],-ili¢ll_ailet

i>,lrlial k/It'lis: 'l'llet_retic<ll (..'tlll.'-iidt,rali¢li]s <ind l)issllc'ialivt' l'_c,C(ll]-l[-lindlil)il (lt I I._..t and I1:¢ lcm.s _u_
l>rt'lir,i_irlarv.l{xperirl_c,i_M1 li]ta " .qurf,-ict,,<-;with Applicaliol_ 1<_I Ivclrtlgt,rl Nc,t_,4tivt,

I)OI)/I)OI_ Coordinaliorl Mooting OI1 'Advallcod

Armor/Anti-Arn]or Materials and Advanced J. 1{.Mal'it_i3 <lnct A. J. I'erliua, "Materials t:_r I ligh
Computational Methods, Alexandria, Va., l\Vt'l'4gt.' l'tlwc'r ],ast'rs."
1)ecerrlber 13-1 B, 1{988

IL Milar_tivic'l,i, J. I lt/til, ill,ct .]. Rill,, "Mt,<lStll'C,nlc,il[ til
R. l,. 1,4rlctii'ighiirrl, "l'r¢lcc,._siiLg,lru:l Mc,cll,,irlical ()lqic'al l,t)ss iil 'l"railspart,l'ii .q¢_lictsI.JMng ii N()\'t'l

I_h'l_a\'iclr_t/\tt\'ili_cC'i:t ( 't,l'i,il'i'lic.'-i." St_c'cli'(li]lc'[t'r I'_a._t'cl_i_ ()plic,ll ('<l\'itv l)ec'a\,."

I:rench-israeli Workshop on Solid Slate Lasers, Jal,ia n/U.S, Workshop on Rad/alien l)amage: Theory
.Jerusalem, Israel, l)ecem ber 12-! 5, 1988 arid CaJcu lalion, "[Stlkuba, Japan, .January 18-20, 1989

M. I. \A/t'l._c'r, '"I'ht' 5t.'<11"c]1t:tir Sl_licl State ];I.ISi_ll/ I.asers." M. \.'\. (;tiili4n, ""l'lw I,,<'_lt.,i_l M__lt't tl lilr l)\,'i_i_i',li,'<_....'in th_'
Strict\.' tit I li_._,ht{llt'l'_" (. 'il_C'dctt's,."

l.ivorl]loro-l.os Alanll><_ttigh lixplosives lllfCil'lllalion

l:',xchange Meeling, IJ,s Alamos, N, Mox., 12th Golden Gate Polymer J;lirtllll Asilomar
I)ecember 13-14, 198,_; Cliilference on I)olyineric Materials, I'acific (trove,

Ca li f., i;eb ru a ry 12-15, 1989
A. Niuht,ls, ".qll'tlt;'ltll'_' ,.loot I)Vililllllc's, (ii Ml,lt,ct.li,lr

I:luicls iin<l<,r 1Ii!.;h I)t,i_silv (.'_m_liti_i_s,." S.I. I )t':li'i't'<_,.I,"1lit'h I>t'rtlll'llli,iilc't , I"il_t,,'sin (.'t_illpi't'Ss;itll,i."



.'g'ctkvt ? • l)el_m'tmc,I I:'_'r_onltL'l,l,I I)r_qi'._siiv,d C_ullrilullitul..;

'l"l_e WATTE(; Conference, I<noxville, Tenn,, American Physical Society Annual Meeting,

F'eb ruary 14-17, 1989 ' Sl. l,ou is, Mo., March 20-24, 1989

I;, M, bclatthews_ (.'. bcl.VValkup, I. 1,. Chitl, and 17).bcl. (;. W. (k_llins, I'. ('. S_nlvrs, I,;.R. Mal:,_)h,s, and .I. R, (_;aim,s,
] It)flnlan, "Adhesives ftu' Special [;'t)alllS." "l'roperties _)t I I and 1)/\t_mls in S(dM Molt,ct.liar liD."

Annual Meeting of the Adhesion Society, A, (,(!his, X,-(;, Zhang, .]. M. Macl,aren, R. C. Albers,
Hilton klead Island, S.C,, February 20-22, 1989 S. Cramptn, and I). I). Vveddunsky, "An Alternative

l,a Vet- Kc)rriagn- l<c)hn- l<c)stc)ker (I,K KR) Al?prcmch Lc
R, (l, Mt|sket, "lea-beam Stitchingat Oxicle/ Surface and Interface l}',lectronic Strtlcltlrc,."
Oxidt, In tel'laces.

M. S. Costantin_), 1-1.13.I<adousky, J. L. ['eng, and R. I_,
f_ i "1 -1 , ,i,4th International Conference on Ultrastruct'ure ,,ht lton, "Superoxygenation {)t l:'r._Y(i,x)l,a2(_ u30/7__to,

Processing of Ceramic, Glassesand Composites,
%lcson, Ariz,, February 20-24, 1989 1). M. Nichols_m, G. M. Stocks, W. M. "Ibmmerman, and

l_.A. Sterne, "Total Energy Calculations of NiAI and
.a )R. W. Pekala, e-,<,rcgels and Xerogels from FeAI: Implicatkm for Slip l_ehavicm"

Organ ic l:'rec'ursors."
1_.C, S_)uers, E. M. Fearon, E. R, Mapoies, .1,R. (;aines,

[VI.J. Weber, "Optical Studies of the l.ocal Environment and I_,A. Fedders, "Nuclear Relaxation Time of Tritiated
,'.' . A ) _ 1 *t ,,,_)fRare Eai'th lens irt (;lass. Sc)lict l-lyd!'ogen Adsorbed ehi() Silica r_er{ gc,_.

U.S./U.S.S.R. Exchange on li'radiation and Post- E. (17.St)wa, A. Ckmis, X.-G. Zhang, and S. M; Foiles,
Irradiation Testing of Fusion Materials, "The Electronic Structure _)f Unrelaxed and Relaxed
Santa Barbara, Calif., February 21-23, 1989 Grain Bounda l",'lcs."

,,

M. W. Guinan, "Role of Molecular Dynamics in C.E, Violet, R, G. Bedford, P. A, 1lal-ln, N. W. Winter,

l,',adiation Effects Modeling." and Z. Mei, "Local ()xygen Configurations Relative t()
Fe-Prube lens in I lt Ba_(Cu I _)3t,c{i{}0307 _..

Metallurgical Society, American Institute of
Mechanical Engineers, Las Vegas, Nev., X.-G. Zhang, A. Goals, and J. M. Macl.aren, "A New

' ii

February 27-March 3, 31989 Method for the Determination of Electronic Structure.

J. S. 1luang alld (,. F. Gallegos, "Tensile Behaviors of 1989 Mtissbauer Spectroscopy Institute, Ft. Worth,
Gr_mp \/13and VlB Refractory Metals and Alloys in Tex., March 27-31, 1989
l.iquid LJ: Strain Rate Effects."

11 -')'5 ' 'C. E. Violet, Al: 1:llcahon of Mi_ssbauer Spectroscopy to
S. R. Stock, T. M. 13reunig, S. D. Antolovich, A. Guvenilir, Metallurgy."

J. H. Kinney, Q. C. Johnson, M. C. Nichols, U. Bonse, I7),J.
Be)wen, and.I. C, Elliot, "Microtomography _)fDamage in C, E. Violet, "Application of Miissbauer Spectroscopy to
SiC / Al Con tinuous Fiber Com]: orates, t--ligh T< Supercond uctors

Sth Tank Automotive Command Armor Coordinating Conference on Lasers and Electro-Optics,
Conference for Combat Vehicles, Monterey, Calif., Baltimore, Md., April 1, 1989
March 7-9, 1989

J. A. Caird, ]. E, Marion, 1-;',P. Milanovich, N. D. Nielsen,

' R.L. l,andingharn, "Advanced Lightweight Armor A.J. l'ertica, and J. N. Rc)e, "l'assive Optical Losses in
l:'n)jects (AI_AP)at LI_NL." Laser Glass "

4rh International Conference on Mechanical M. Shinn, F. Milanm,ich, and J, R(w, _..eterm_nati_)n of

Properties of Material at High Rates of Strain, the Stimulated Elr_issi_)n (]'r()ss Section for the I,aser
Oxford, England, March 20-22, 1989 l'ransiti_m in YA(I: Nd."

W. (;. Gt)urdin, "C_(')nst]tutive' l'roperties ()f C()pper and
l_ntalu m at ttigh Rates _)f"lOnsile Strain' E'xpanding
194 .... 19 ..... ,lt-,, "
l_.ll It_ I _ I_. ,"1Cl I L,'I.
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American Institute of Chemical Engineers National O, I-I l<rikoriali and I'. G. C'tirtis, "l)evelopment ()f
Meeting, Houston, Tex., April 2-6, 1989 Oxictatt_u>l_,esistant Coating,q for Nic_bium."

M, W, l)roege, 1,,M, I lail; W, .I, l:'itz, and C, 1<,Westbrook, C, l'rtiru.,da, "Insensitive Muniticms l!,',ffortsat 1,1,NI,,"
"The Tlaerrnal Gas I'laast, 14eacHons of Methane arid

Oxygen: A Cornparisun c_lModel Calctllatkms and Corroslon/89, National Assoctatlma .f Corrosion
Experinaental Restllts." , Erlgineers, New Orleans, La,, April 17-21, 1989

d

American Welding Society Annual Meeting, ,J. C. I:;armer and R. 13. McCright, "A I,_eview of Models
Washington, D.C., April 2-7, 1989 Relevant to the l'redicticm of l'erfornlance oi' I ligh-

Level l,_adioactive Waste l)isposal Conta'lners."
I. W. Elmer and T. W. EaDar, "Variations in the
Geometric Slmpe of Electron Beam Welds. 1989 Natural Gas R&D Contractors Review Meeting,

Morgantown, W.Va., April 18-19, 1989
Scanning 89/Electron Microscopy West Conference,
Long Beach, Calif., April 5-7, 1989 M.W. Droege, "The Conversion of Methane to

IJquid Hydrocarbons,"
+ li "_ , iI_,L. Perry and M !_. Yattler, ( mcntation Procedures,

fur TEM Claaracterization ofinterfaces in X-Ray DOE Workshop on HT Detection Technologies,
:s. Savannah River, S.C., April 18-19, 198913eamsplittc ' "

C. W. Price, "Low-Voltage Scanning Electron F. Magnotta, B. Failer, A. l_,amponi, and C. G. Stevens,
lvlicroscopy ofBeryllium." "Advanced Lasers and Cryogenic Targets for Ultra

Trace Detection of HT."

American Chemical Society, Dallas, Tex.,

April• 10-14, 1989 International Congress tm Optical Science and
Engineering, Paris, France, April 24-28, 11989

R. W. l'ekala and F.-M. Kong, "Resorcillol-Fornaalctelaycle
li , II_ '._Aerogels and the Carboni/,ed i)erivatives, l.), 1-!Edwards, P. I'. Fled, alld J E. Marion, _ul:surface

[)alrlage l'roduced Dtlring the i'rocessing of Glass."

J. G, Reynolds, "Can the D 20(]7-80with Asphaltene

Precipitation (SARA) Separation, Size Exclusion J, E. Marion, "Advanced Phosptlate (;lasses for High
I I _ liChrc)matography with Element Specific l)etection, and Aw2rage l-'t)wer rinser.'.

Hydrogen Distribution by NMR Help at ali Predicting
Residuum I'rocessability? '' Materials Research Society, San Diego, C alifll

April 24-29, 1989
National Association of Corrosion Engineers,

New Orleans, La., April 14-21, 1989 !--I.B. Radousky and M. S. Costantinu, "Superoxygenation
Studies of Y(l_x)l'rxBa2Cu307 .''

.1.C. Farmer and R. I). McCright, "A Review of Models

Characterlzatltm of Hl,_elevant t() the l:'rediction of l_erf¢)rnaance _)f High- M. 1....Sattler, " -" ' ' ' ighly l)ispersive
Level l,_adioactive Waste Disposal Containers." Multilayer Mirrors for Arnplitude Modulation of Soft

' .,) liX-Rays LJsing l-ligh Resohltitm Electron Microsco Fy.
16rh International Conference on Metallurgical
Coatings, San Diego, Calif., April 17-.21, 1989 C. E° Violet, C. I. Merz.bacher, I_.1! 13ironer, R. G.

13edford, and P.A. llahn," "" ,l)]ltusc l_eflectance Infrarecl

A. I:..lankowski and M. A. Wall, "Transmission Electron Spectroscc_py as an Indicator ¢)fOxygen Content and

Micrc_scopy tfr Ni/TJ Neutron Mirrors." Annealing History cffYI:_a2Cu,_O7.v."
q

25rh JOWOG-12, Los Alamos, N, Mex., C.E. Vit)lc,t and N. W. Winter, "Quantum Chenlistry
April 17-21, 1989 Calculation of the Elc,ctric l;'ield Gradients irt

YBa Cu_()7 _ ", ,,..) . .,

C. Colmenares, R. 1_.Smith, and S. Ton'es, "l(ffect ()t

Alpha Irradiatitm <+mIqutm,carb()ns."

:11
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2hd International Corlfererlce on Trends iri Welding Gas Research Institute Annual Review Meeting,
Research, Gatltnburg, Tenn,,May 14-18, 1989 Houston, Tex,, June 9, 1989

l, VV,F.hnc'r,S,'N,i.Allen, and T. VV,l-_agar,"Micrt_strLictural M, W, l)r(_c,u,c,,'q'he C;as I'l_a.'._el,_eac'tit_nsof Methar_e• I

I)evt_,l(_pmc,nt 10tiring I_',al.->idS_flidificati(m of Stainless and ()xygen,"
Steel Alhws,"

44rh Syinposium orl Molecular Spectroscopy,

2hd Workshopon ComPutational Methods for the Columbus, Ol'lio, June 14, 1989
Electronic Structure and Related i'roperties of Alloys,
Lexingtort, Ky., May 14-26, 1989 C.E. Vii,lc% N, W, Winter, R, M I'itzer, C. I. Merzbac:lwr,

and I), K, _li:,mph.,,"Spectrc,sctfl. T (_fI iigh '-lk,mpera iLl ru

I', A, Sterne, "Band Theory tfrRare Eartli Metals," SLlpc,rc,,'ldllt'ltws,"

The Golderi Gate Polymer Forurn Asilornar 1st Sym .,iunl on Advarlces iri Coal Spectroscopy,
Conference on Composites: Structure, Function and Salt L,_t,,eCity, Utah, June 14, 1989
Analysis, Pacific Grove, Calif,, May :14-:16,1989

M, S, ()la, R, W, Crawf(wd, 'LT, C(_burn, A, Alcaraz, and

S..1'. l)t`,Teresa, "l-ligh i'erf(wl_.lal_ce lqbers in A, K, 13urnllarn, "The Carl-ljnc, i)eterrr_ination (_f Water

Ctmapressitm," ' by Mass Spectrtwnetry,"

Bay Area 26th High Temperature Science and 2hd International Conference on Materials and
Technology Sympositlm, Sandia National Mechanisms of Superconductivity, Stanford, Calif.,
Laboratories, Livermore, Calif., May 18, 1989 June 23--28, 1989

J, S. I-luang and G. t:;.(;allc, gc_s, "Behavi(_rs of Relract(wy R, tl. llowell, H, |3. Radt_usk._; A. I.. Wachs, M. J, Fluss,
Metals in IAqclid U," I",E,A, Turclai, Y, C .lean, C, S, St.lndar, C, W, ('hLi, R, N,

Shelttm, and I), G. Hinks, "Systematics in l't}sitron

ASMS Conference on Mass Spectrometry and Allied Annihilation IAfetime Analysis cff I ligla '/'c
Topics, Miami Beach, Fla., May 21-26, 1989 Superconducting Transiti(ms,"

R. W, Crawlord, 'L T, Cobu)'n, and A. Alcaraz, '"l"he On- C. Stlndar, A. Bharatlai, Y. C..lc,an, 19.(;, I links,

l_,ine l)etc'rminatiol_ t)f Water bv Mass Slgectrt,metr),." B. l)abrmvksi, Y, Zheng, A, W. Mitclaell, J. C. tit), R, il.
1lowell, A, 1_.Wachs, 1: E. A. Turchi, M. J, Iquss, R. 1.

Societe National des F'oudres et Explosifs, Sourges, Meng, I:'.H. i I(,', Z. J. 1luang, and C. W. Chu, "The

France, May 26, 1989 Electrtmic I'roperties (_l"I ligh '1'c SuF,erctmctucttws
l'robed by I_ositr(m Annihilaticm. ''

J. E. 1larrar, "l_lectr_claernistry and Analytical Chemistry
tri l)initr(_gen l%ntoxMt`'/Nitric Acid S¢flutitms," C. lr,. Violet, R. (;. Bedftwd, I_,A. Hahn, N, W. Winteb

and Z, Mei, "lx)cal Oxygen Configurati(,ns l,_elative t(_
Gas Research Institute, Joint Physical Sciences and Fe-l'robe l()laSila I I(_l_a2(CtttLw_Fe().()_)()7.v."
Chemical Process, Methane Reaction Science and

Methane Processes Contracts Review Meeting, C Ii. Vi(_lel:and N. W, Wintc% "Calculatitm (_fthe Nuclear

Chicago, I11., May 31, 1989 Qtladrup(fle l_,es(mance Spectra (_fYBa2(Tu30 7 v."

M, W. l)rt_egc', "'Flat_'C(mvc, rsi(m _f Methane t(_ C. ii'..Vi(fie L,I1. M. lx, dbetter, J, I). Tlat,mpsola, and S. A.
I Ivdr(_carbcms." Kim, "l.x_w--I'enaperatt_re l_la.gtic (7_mstants _,f

lkflycrystalline i,a2Ciu().t and l..ai.s_Sr(Li qQ_tI()4,"

Society of Petroleum Engineers National Meeting,
Dallas, Tex., June 7.-9, 1989 A.I.. Wachs, I{ E. A, Turchi, R, I,I, I Itweell, Y. (7. Jean, M, J.

t:luss, R. N. West, J, i I. Kaiser, S. Raym,r, I1. i lahgighi,
M. W. l)roege, 1,,M. I lair, W. J. I'itz, arid (i. K. Wl_,stbn_ok, K. 1.. Merkh.,, arid ix,.I,',('vct_levsc'hi, "l':lt,c'tr(,'l-I'(Mtr(m
"l'artial Oxidati(m Rc,acti(uas (,t Methane and ()xygen," Mtwnentuna [)istributi_m MeastlrcTnerlts t_f I ligh-'l,

St_l._erconduct(ws and Rt,lated S\,stt'ms."

i q.]
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49rh Annual l'hy_Ical Electronics (?(inference, I, _/Vlil1_,, "(.'_nlilulli_ll (_i N_I il_ l_ill,ivv Alk,lli
Seattle, Wasil,, .Iu ne 26-28, 'I989 l_t,l", (',la,_su,_."

I"..t_'._l_wa, A, (;C_nis,and X.4;, Zh,lnt;, "l;irsl-.l'rincil_lun ASN'I' ToPIcal Meeting ()n Industrial (?(_ml_uted
('alctlhlli_ns _1_lhc, I!lectr(mic Stvucltln, (_t (.irdirl 'ii)mography, Seattle, Wash,, ]tlly 25-27, 1118e)
Ik)tl nda riu,_,"

I. II. IKii._tu'V,"X--IRavl'_mi_gr,il'>lii_' Mlun_nt (_l,b,,"
Taiwan Synchrotron Radiatiorl Research Center Users
Meeting, _[hipei, Taiwan, July 1989 61h internati(inal C()l_ference (iii Synchrotr(,m Radiation

Instrumentation, I}erkeley, (_'allf,, August "1989
I. VV_mg,"/\l_l._licat{_ms _I EXAI:_ and X/\NI!._ h}
Mal.uvials Scienc't'." " l. W(_I_F,,,"YI;(,I,: A New Hi}lt X-l<av M{)n_whn)mai(}r l(_r

bvm'h n}In m Rad ialitm."

XV Ir|terr|ational Cor|gress on Glass, Len' lngrad,
U.S,S,R,, July 2-7, '1989 47th Annual Meeting of the I?',lectron Microscopy

Society (if Arnerica, San Anl(into, Tex,,
M, .l, Webur, "Ht it,rice and Tochm}logy ()1'I_aser (;lassus," August. 6-11, 198ql

Gordon Research Conference on Thermosetting Ii. I( I,indsey, (:. W. I'rict,, R. M. I:ral_ks, and tri. A. I,am,,
Polymers, Plymouth, N,H., July 3,7, 1989 "' , ....• . S[Lrc'(Isc_<ljgict\11i11.V5t'.% (li' bilrfilt't's (111I'idvMvrt'nt' I'(i,1111,

I,. Uhia(b "Muchal_istic fVllu.tc,ling _t l:!txlxy Resins," C, W, lirice, E, I:, I,indsc,y, R, M, l;ranks, and M, A, I,arlu,
"Charac'terizatil}ll (lr Machined l'lilvslvrt'llu I;tlilnt,"

.I, I), l,eMa% "l,tlw-I)t,nsily, Ultra fine Mlll"phldligy
t,'tlanls Ii'Oln Macrtll)ort)us I:il.x_xy(le, is," M, l,, Saltier, "1 II4TI!,M <qirnulaii(in lit Illlt,rfacial

Strl.lCttlrc, iri Anll)rF)h(it.lS Mtlltilayurs,"
JOWOG 28A, Aldermaston, England, July 10--14, 1989

International Society for Optical Engineering
I.,.W. Ilrubesh, J. F, l'(wo, W. F',.Stlndc, rland, 'I'. M. Meeting on X-Ray/EUV Optics for Astronomy and
'l'ill_)ls(m, diicl <q,A, Stc,warct, "l>rllcuss (.)ptimizati(m ft)r Microscopy, San Diego, Calif,, August 6-11, '1989
3il ic<l tkert)gels,"

lt C, (;abrielu, R, M, 17iiunta,and A, 1_,.lankm,vski,
J, l), 1,eMay, "Mt,chanical 3lrticture-I'r(_purty "C'ylindrical X--Ray Mtlltilayer M¢_ii(ichr(_nlat¢_i',"
Reh:ltit,nshil_s ()1:()rganic and Intlrgnllic
l,m,v-l)en.,dty Aun)gels." A.F..lankowski, "W/C Mirnw I)up_siti(in ()ptimizatiun."

.1.I), i,t'Mav, "Mechanical Structure-Ifl*opc, rly LABCOM SHS Working Group, U.S, Army Materials

I,k,lati(mshil._S (ff Micr_)cellular l_,ow-I)ensity l:;oams." Technology Laboratory, Watertown, Mass,,
August 8-9, :1989

3rd Annual "Thick Composites iri Compression"

Workshop, Knoxville, Tenn., July "11-12, 1989 M.S. Costantino and C, 14'il;pt),"1 Iigh I)ressiJre
C()mbusti(m Syllthesis i}l: Si3N,I and AIN,"

S, J, l)dli.,rc,<<ia,"(?lm_t)ressive li'ailuru of (;raphite l:ibers,"
Anlerican PIwsical Society, Topical Conference on

American Crystalhigraphic Association Annual Shock Compression of Condensed Matter,
Meeting, Seattle, Wasia., July 23-28, 1989 Albuqtlerque, N. Mex., August 14-'17, 1989

A, I-",.larik_m,ski, "bhl,'t Ik, riod Mtlltilagc'rs: liatc,rfact, I.,,El, (;l'C!ell and 13,lirskine, "\/ISAR Mc,asun!ntents t_f
[)lllllin,ltt,d <qtrtlctt.ll'US." Exl)li}!dvc, I_,l_,actillnZ(illUS,"

](. M. ],drs(lll, .J, Wtillg, dncl M, .1.Wubt,r, '"l"ht, 9lh Synlposiunl (International) on Detonation,
l)t,tc, rininalitm of the Near Nuighb_," lir_vir()lanlt, ni _t Portland, Oreg,, August 27-September 1, 1989
Nel_t in ii .qt,ricsof Bul"2 i,asur (;lilsst,s Using X-Ray
Abstwptit_n 51._c,clri_sc()py," I), Aldis, Ii, I,et,, R,Sinal)Sim, and A, Wt.'slili3, "Mt)dc'l

(.Talc'ulatitms [til" the I,_t,stxm,_ut_t IIMX l'(ll'()tlS Buds til
I l)c,tlagrilliiln anel Sh(it:k,"

=
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I),/\,ltli,_,, I'. lit'lit, w, I,, I",rh.'k'_t_l_,,libel t' 'l',lrv_,r, "l,',llt,_l<_ SIMS VII, M_lnterey, ("allf,, September 3-8, ItIStI
_,I Initi,II lt,,llt_er, liilrc, _:ll ,_;h_t'k lllili,,t.h,n _:1I,X.-17,"

(', VV,I'ri_'l, ,Intl J, (', N_:rbt,r),,, ",,\ll,llvsis t:l Nitn_Ft,t_.,i

I,_,It, I_n'illl,llll_l, M. Mtlrlfl_y, R. Siml':_t_l_,,llltl I'til.,-a,tl Hl_tlllt,n.,d Ih,rvllitlil_."
t' l',lr\'t,r, "14t,,_'liv_, I"lt_w k,lt,,islirt,n_,rlts ,ll_l k,l_clt,I

I 'k,vt'lt:t-_n'u..,l_lt{w ('t_iYll_t_,,4ilt'I,:',:t,l{:sivt,s," (.', VV,l'rit't, anti !, (', N_:rl_t,rg, "/\ n,ltv!._t,st:l I',lrlJ.clt,,._ii_
I-_t,rvliil_ln Iw I_ll In_,lgin/,,,"

R. I:_.I_rt,itl_,ltil-,I, K, I:i,_l_l,C', "lhrvc,r, <_n_lW, V, I It:llu,
"l_,ll,rv-.l't,n_t Vt,l_c:imt,trv t_t_l.)c,tt_nalinq I,X.-17 il_ Inlertlalt<_nal C(_nt'erertt'e un lhc At:_plleall(Ins (if the
I'lai_ar !.,ph,,ric,lllv I')ivurgt, nl (;ut,n_cqrit,,,-," M6_sbauer Ii,:t:ft,ct, I]udapesL, l-lungary,

SePtember 4-8, 198t)
I<, I'), Ih't'ith,_tll',l, !,l<,tlrv, ,Intl t' 'l'arvt,r, "l )t',t_nali_m
I'n_tllit'l I:qil,lti_n t_l .'.4t,llt,",_r I-larnl_l," .(.' 1!, \/i{4t,[, .'4,R, I_t_hlc,l_,,'4,IVl,_rtil_,,llltl Z, M_,i,

.,

"1,'_,Spin Slalt, iii Iglv,l.litL' ,1l I ltgh I'rt,._slln,,"
I', (i'r,_wlt,n:l, I:. II, I INrn, I,LSirnl-_Stm,<libel.I, 14urr, "l'<_rtMt,
.qii.'.t,I!lfL,c"[.'4in lhr, li_ili,ltitu_ t_f l.(xtq(_sivc,st 't:ntail_irlg American Cl_emical SocieLy Meeting, Miami 'lieacl'bJ

Rt,,it'tivt, ,lhd N{wl-.I,_t,,wli\'t,t 'tmlil_tl,_tl_ I'h_l,_t,s," Fla,, September 10-15, 1tiNY

I.. l(ricl,.st_n, I), ,,\Mis, t' l;irvt,!', and I', A, t.lrlit,w, C.' VVt_ng,M, I,_tlet_l<,,is,R, Y_:sl,and R, H, LJI_,ItlI).s,L,,
".'41_oH,,Initi,lli(_n t)l I,X-17 ,is ,.i I:tlnt'lit:l_ _1'Its Irlitial "t)t,l,t:rltiniti|.,s It_l"L.JSill_lixpt,rt SVslc,ms iii I)t,si)-rl
"lt'ml_t'r,lttln.'," M(_nitt|ring and (.'(_nlr{_l i_l/\dv,lncc, d l,ift, ,"4tll.fl_(_rl

:, Svstt, rn_ _._nMannc,d Spat,t, k.'lissit_r_s,
I,, (;. (;n,t;l_ ai_d t', T,_rvc,r, "l'ailtlrc, I)iamt,lt,r from ()nt,-

I;)ilr,.,llsi_mal I,ab _c'alc,l't,sts." 14th International Meeting on Organic Geocl'_emlsiry,
I'aris, l;rance, September 18-22, 1989

[.,, (;, (;l'k'(.'ll, (' '];II'V(_'I', anti [), I';rsl,,:ilw, "l,_u,wti_n Ztmt,

5lrtlc'ttln' iii SUl,r<lv_,n_l_rt,.,._:_,dI)t,t_nating I':xt,l_,si,,,t,s" A. K, lltirnlwirn and R, 1 I-}ralln, "A I)c,laih.,d Kint,tic'
,i l_d 'l'herrn_ _drna inic' IVl(_.It,I t_l I'L,Ir(_h.,li lrl l"t irmdli(m,

I). t)rnc, ll,_:,, '"/'l_t, l,:lfecl t_t thf I't,l'_tilflu_ndhi(_ (SI:S) lbc,strtlc'ti{_n and l::xl_tll,'4i{_ll,"
(;n:tll', t_n thf I'n,l_t,rtic,s _I I';\l,l_l.'-,i,,'c'Nitn_

' ('_lnt_tlntis: Nuw .'41:_.17',,t,l_si,,'t,s.". American Ceramics Society, (]lans l)iviston,
Orlando, l:la., Sel._tembe|' 18-20, 1.989

'4, I", Ric'f, iN I I{_lmt,.,-,,(;, ('q,.ini, .,/sd I', l\,lt'(_',li_dlc,s.,-,,

",.\l,_._rl-,li_n Y,l,C,ctn',sct,,l,y{_i_l,wl..ed I',{,iv,',c,nc,," R, Adair, I,, 1,,(.'h,:lst', S, A, I'avrlc,, ,lhd M, .I, Webt,r,
"Nt_rllinc,ar I,_L,lr,ltti\,e Indc,x (_1()t_lic'ill Matt, rials It_r

l,t. I. <",impst_n,"l',_rliclc, Si/c, I':1fi.'_'t,,-;in ll_t' lniliatit_l_ t_l I liy,h I'owc,r l,,ist rs."
I':,,l_l_:sivc'st 't_nt,_inini- I t,ac'tl\'_,,Im.I N_l_-I,.t,at'li\t,
('_,nlintl_us I'll,iso,s." 2sd lrlternatiorlal C()nfererlet! on i]razing, High

'l"ernperalure Brazing and 13iI:fusi(_n Welding, Essen,
I,t. ,'-.;irnF,_._,l l, I'L i\Mi:,, 1..I x,c,,,_nd i\, Wt,st_l_, "i'vl_Mul I"R(;, September 19-20, lgSy

I _t,ll,_!,r,_ti_,_<_l_l!41_:ck." M. I':..l<,_s.'-,nt'r,I,_.':4,14t:st,n,(;, A. I l_,llsh,lll, <lhd W, I,',
Kin,q, "1_t,l<lvt,cII,',lillln, t_l Silvt,r-.,,\iclc,_l I)ifltlsi_rl VVt,ltt.s

t M. l,lr\t,r aim I'. ,\. t lrtic,w, "t41_'l,. ll_ili,lti_n _,f I.X-17 I-;t,twc,t,n .'-:,tc,t,I"

,i,-,a I"tlilcli_,l_ ,_1ii.,-,Iniii<ll 'l'_,mt->t,r,lltln,."
W()rl,:sl_(ip on I{adiation I)amage C()rrelali(_n for

I )()l.i ('i)nferer,,ce on '-l_,('l_n(ll(_gyR&I) for Arms I:usion (?onditit)lls, Sill<eLmrg, Denmark.,
(.'on[r()l Verificati(in, Los/\lam()s, N, Mex,, Sel_lember 27-()clober 3_1989
Augttsl 2q-..31, 1980

N.'],W, ( ;ililhln ,lrltl 1",tit' ],i ]'_libi,I, "]'i'll l_,rt,.<,,<.iila Lilt,
, "1I) ( ;i'iIt/_il, I". I't'<li'<,l_i_,t",.IX.'lt_i_,lc_,,lild I' I,,,l[ t i', I )t'\'t'[_l_lllc'i_l t_l ,l M<_I_'ttil,lr J)Vll,li_lic"l t '(_tlt' It_r I Iigll

"[:[t,c'lnlllic l',i).!,!.,," !';i_t'i'q_'(',l_t',ltlt' Sliitiit's,"
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American Conference forCrystalGrowth, .I,(;,'li_l_in,'"l'hul?J,,,nlnn_l<li_llllllhrltlml_uLwuc,il

East Coast Meeting, Octc_ber "l_.J_lf.J C)vurl,l$,ur &: Starfncu/\lltw'. /\ll/(.'tl((l(ll )."

1...I. ,,\thurLc_n,1). II. Rulx, rts, R, VV.Marlin, nnd .l. I( M..1. Wt,Ix,r, "LIC.i/Natic_nal I,nbc_rntc_rlusI'R'I' <inelIk,nm
('_Ix,r "C;n_wth_Il,IC_'n/\ll:_,:Cr (l,IC:/\l;)hvthu l,lnus',Wllu_1<unnd Whun,t_,"

.I JP

Amerlcan InstituteofChemlcal l:,n_IneersAnnual

.IOWOG-CL Alderluaston, l_n[_land/Oct¢_ber _.:l-'13,'19f:_,9 Meeting, San Franctscr_, Calif,, November 6-8, 1¢.18_:)

K. _cribnur, '"l'hu I:.l:luc'ts¢_1'I'mcuss Varlnblus _._nthu 1,..I '/\Ll_urtl_n, I). I I. l,_¢_burts,R. W. Mnrttn, nnd .I. I_',
Ik, rl_rmance Charncturislics _t' lA II , C'_l_c,i', l_rtclgmdn (irmvlh _)1'l,IC:aAll,' U (.'r (LI(,AI:),"

3'rd Users Meeting of the Advanced l'hoton Source, I:,,(.'antwull, I', I<_binst_n, '1',S!_unk, and R, 5, LIl_,lclhyu,
Argonne Nattonal Laboratory, Cl_lcaBo, I11,, "l.)c,sil4n/\s.<d._t,lnt Wt_rkstnti_n,"
October 12-i3,, 1989

' 1,.C'hla(_,"Mu<h,lnislic M_eluling c_lI:iP_xy (.,llrc,,"

.I, II, Kinnuv, "X-Ray "lt_mc_graPhic Micrc_scot._yllsing
_vnchr_trc_l_ R<ldiatiun." Materials Research Soctety Meeting, Boston, Mass,,

November 2Y-Dec, 2, 198q

Optical Society of America, Orlando, Fla,,

October 15-20, 1989 Ii, (', _l,W,l, t\. (',t,ilis, ,inel X,-( ',,/,hang, ''l'hu l{lt,t.lrllnic
._lrtlt'ltlrt, tit .g._ (;i',lill l]tlilllet<lrit,s ill (i'tl,"

M, .I, _.Vt,be r, J, li/V(lll_, I], [;J, ('irLiL,_tlr, I 7, _/, l.vllu, anti I;), R,

_,lncl',ti'_il_, "()t__lically-17JutuctudX-l]ny t\l_._llrplhm I, \&/(lllg, "(.illl_rdjlli'i[illrl iii 1'i and \,' ii1 I)isl._ur._ud
• , _ , i .gpuci _'_sC_l->\,in lxlminescunt M<ll.trl</i.. C'<ltnlv_t_nrld Mt_clul (.'lsl_lFXsuntl.<_,"

DOI Ntlclear Weapons Complex Conference (iii J, \,Vilng, "] 1i14hIxlt,_l_itiiit_l_I(loctrt,l_ Mi<l'_c'iG_ic"nnd
Electron Microscopy, Miamtsburg, Ohio, Sl:_t,ctrt_._c'iG_icSttlttic,s t_l HII'()._ and Its ll_lt,rf, lc't,with Hi,"
October "17-19, 1989

.I, Wring, "[Vlelnl Inlur,lt'lilms in lhc I]t,l,_-I-h_n_l_I,alltcc..
M. 1,, .%_tilt.,r,"('hilrnclt,ri/.ali_ti_ i_l [vlicrcm-si/.c,cl

Ik' I'¢_wdui'_," 34ih Annual Conference on Magnetism and Magnetlc
Materlals, Boston, Mass,, November 28-

Arnericarl Vacuum Society, Boston, Mass,, Decenlber 1, 1989
October 25, 1989

1), C, (illr;/,,.In, I,, M, I;alict_v, .1,M. M,Ic'l ,(irc, li, X,-( ;,

K, Y. i,ilng, K. I(im, anti R, S, Upadhyu, "._l.ud\, iii: _tll- );',hang, ai_d t\, (li,his, "lVlagnut.ic ._ll'ticitll'l, <,1li Ill
gc,I I_i'tlc'c,s._ii_ ttlr l-:<_bricatitln tit I llllltYvv _ilica _tncking I:nuits iii Nickul,"
i\t'rl igt.'l _pheru,"

C', I". \/illlut, I;',VV.()livur, ai_d 1,, IVIilv, "l(ll M(]s._biltlt, l'

.i. (;, "lt_bin, "l>i'l_l-_ill_4l_limetnllic _tll'l:ilt:tts With _ttidv _,t:liiu I lil4h '/'<,_tll;_t.'rc'(.lllcitlt'l(Ir

l'hl_hic,lt,clrl_rl l)Jlfr,lcii(m: t\tl/(.'ti((l(ll )arid I;u/Cu(/)ill )." bi( .;.lll._t'_tlll._r2,. tj2(.) x,. l, , , , (-, li

R._. I.Jlxldhv_, and ii'.,.I. I lsiuh, "t\ LTr_it:iudInlc,_4ralc,d 2nd International Symt._osium on New Glass, Tokyo,
M_>dul Ilmr_t:,li Ilt,r ('(_ati ng tj ilJfl._rrnJtv." .Iapan, Novenl ber 29-70, 1CJ89

15lh Allllilai SSIII_, • ' ... "Users Gr(itlp Meeting, Stanford, [VI ] \'Vr,br,r, "l..il_t,r (;hiss.
Ca 1if,, Otto ber 27-28, 198_.t

V. Karlx,l-lk(_, K, Ni,tit:t,ld, K, (,, l'ir._l,ll, I:. R. I ll_lctt,i_ur,
(i. I...l(ihrl.h/li_, R. tc(.\,Vi_<4_,il_s, _',,I(.lllk,irili, (.'. l'l_t_pc,,
J. \A,/llsl_il, .I, II. I_Jrln_,\,,M..I, \'Vt,i-_t,r,I, \'Vtm,!-b'I. 'l]'llxt.,I,

.I. Xl"illl_, .J, .(.'t, rillll, Ii, I ll_\,ui', I). I lilml;;hrie.% i/lld 1), I'l,lil',
"l:ll,,ll_l I.inu 1()-2'.._l_t,<ific,lti_m, ('hariicturJ/.ali(_ll nllcl
l!xt_l,rirnuni<ll ('ap<ll_ililiu<_.''
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Pa tc nt

B,Andresvn and ii',,Fought, Inh'rlitceli_rI,hlilid J, G, Reym_lds and T, F, Finger, Decalcificaliotl_!l_
(?hromt_h_gr_ii_h-IVhsss,_t_cctromeh'r,U,S. l'atent I lydrc_clu'lJomlceollsl:'_,edsh_d_'susing ,'lulila_-Carl_o.vylic
4,867,¢-_47(198¢-)). Acids4mul Sails T/ICI'I'(_.[',U,S, l'atunt 4,778,5¢;_()(1988).

M. Balooch, F.Askary, and M. Farnaam, l.,arg_,Cross- .l.G. Reym_lds, lDcnlchtlatilmof t lydrocltrlJl_llm'cotls
qSectional lh,am/i,' Del_osilicmaral E/chil% U.S. Patent I:'eed,stocksusiHgCarh_,lic Acht aud_ airs 'l'hereo]',

4,774,416 (1988), U,S, Patent 4,778,591 (1088),

T, T,Coburn, A High l.,iqttidYMd Processli_rRctortiltN .l,C,,Reym_lds,lgetla,hllatioHqf H,i/drOcarl_ollaccous
l,'ariotlsOrgaHicMaterials lm'lttdiH,_(Oil, bah, DOE l:'redsh,ckstlsiHgAmiHo-Clu'l_OXlllicAcids altd Sails Tla,r,,,of,
Patent Application S-67,224 RL-I 0,247 I1_,-7964 U,S, Patent 4,778,502 (1988),
(submitted 1988),

.l,G, l_.eynolds,Dclllctdatilnl of l-l!/drocarl_ollaceolls
.1,E, Harrar, R, Quong, L, 1_Rtgdon, and R, R, McGutre, FeedstocksIlSillg Hydroxq-Carl_o:rylicAcids rout Sails
Method and Apt_aratus/i_rl_,aIRe-Scah'f%chlctiou of Nitric Thereof, U,S, Patent 4,779,463 (1988).
Acid a)atNitric-Acid Solutions of Dinitroge_llh'Htoxide, ..
U,S, Patent 4,443,3{}8(1988), L, I_ Rtgdon, J, E, Harrar, S, J, E, Bullock, and R, R,

McGutre, Reji,re_lceElectrode.tbrStroHg, OxidiziHg, Acid
O. H. Krlkortan and 1_G. Curtis, Method of Coatiug Soluliol_s,U,S. Patent 7,3_5,,.23 (1989),
Metal S.'l_r.liwelo Form Protective Metal Coati_g Thereou,
DOE Patent Application S-68,2_8, RL-I 0, 491 R, Tench, M. Balooch, and W. J. Stekhaus, SlC Film
(submitted 1989), ' Depositio_iby HsI-)Hlsl!Ablaiion, DOE Patent Application

S-70,733, RI.,-10856, IL-8390 (subrnttted 1989),

J. G. l_,eynolds, DecalcificalioHof l lydrocarbom_ceoHs
Feedstocksusi_tx Citric Acid _;HdSalts T'hereo/',U,S, Patent
4,778,589 (1988),
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Section 8 • Budget Information
, ,

Table 1. Distribution of effort and funds for the Figure 1. FTE distribution in FY 1989. ta) and (b)
C&MS Department in FY 1989. show the C&MS Cost Center. ta) Direct

Programs, 38,1 FTE. (b) Distributed Services and Indirect
Number of FTE Activities, 67.6 FTE. tc) Support to Other l_rograms, 25'-i,9 FTE,

C&MS Other $K
ta) ()ther WFO, 4.7%

C&MS Cost Center

l.)epartment

Direct Programs of Defense, ,,
Weapons Supporting Research. 21.3 7.9 $6,502 17.6%

[gepartmentallR&D 3.6 3.7 .1,578 . , 'Y' ' .

Laboratory IR&D 2,7 0.6 718 _. ' ,

DOE/Basic Energy Sciences 2.0 6.9 ' 1,420 ,,'.

DoD 6.7 2.1 3,14q IX')E/Basic '" '
Other WFO 1.8 1,8 31(1 '

Energy _iences, WSR, '
38,1 23.0 $13,677 5.2% 55.9%

Distributed Services

1-'lutonium Facility 5.9 26.9 5,387 Laboratory IR&l),

Tritium Facility 3X) 6.7 1,526 7.1%

8,9 33.6 $6,013

Dc partmental IR&I3
Indirect Activities q.Sq

Support Burden 51.0 3.7 4,822
Maintenance/Noncapital 7.4 27.3 ,5,357

Construction/Eqtfipn_ent 0.3 10.6 1,659 (b) Tritium Facility, 4.5_
58,7 41.6 $11,838

Pltlttmium Facility, 8.7%

Subtotal C&MS Cost Center 105.7 98.2 $32,428

Support to Other Programs Maintenance/

Noncapital,
Defense Systems I(/7,6 11.4%

Laser Program 48.q ,_,,: ...... ..
Energy Program 27.6 , -:'": - ....
Misc. DOE 33,3

Reimbursables/WFO 34,4

IR&D 4.1 Support Burden,

255.9 75.4%

q'otal C&MS Department 361.6

tc) IR&l), 1.6%

W FO, 13.4¢_

Misc. IX)F_, 13.0_

Energy l'rogram,
1(}.8%

l,aser l'n)gram, 19,1%

I t)/I



Sa'liolz S • Bu@'t llt/i,mati(,t

Table 2, C&MS Department WSR programs and Table 3. C&MS Department IR&D projects and
budgets for FY 1988 and FY 1989. budgets for FY 1988 and FY 1989.

$K $K $K $K

Thrust Area " Leader I:Y 1988 FY 1989 Departmental Project Investigator FY 1988 FY 1989

1lig!a F.xplosives ]bchnology R. Mc(.kfire $600 $611_1 ,qynchrolron Radiali(m Studies .I. Wong $181/ $1t)7

Tritiuna and IJight t-lydrides C. 9ouers 8411 800 ('atalys!s by Aerogels C'. C'olmenares 11111 ........
Advanced Characterizati'on S. ["or(me 530 -. Sup'ro'conductor Research M. I;luss 230 987

Sutxwconductors M. Fltlss t)()(} 800 X-Ray Thin-I;'ilm Studies T. Barbee I(_{) -;-
Adhesion and Bonding W. King 55 t) 600 Calculalion of Elech'onic

l'lulonium and Actinides C;. C,allegos 815 800 Sh'uchu'es A. (;onis 150 148
Advanced Synthesis l)iffusion al Grain Boundaries W. King 180 .....

and Processing , M. Adamson (_15 -'- l,aser-I'roduced M(decular
Mechanisms.of Metal I)roce_sing M. Kassner --- 7e,0 l'lasmas C. Stek>cns ..... 138

Synchrotron I,ladiation-Based Subnanonaeter IVlaterials A. Jankowski ...... I(N

Materials Science ]. Wong --- 450
Total $1,000 $1,579

Total , $4,859 $4,8:10 ,

................................................................... ,,..L............................................... Director's Initiative hwestigator I'Y 1988 FY 1989
Principal

IndiVidual I'roject Investigator FY 1988 FY 1989" Nuclear Spin l'olarization C. 9()tlt, rs --- $494

Transition Metal Flu,_u'ides I<, Sanner $10(1 -- -7............................................................... :---y--v- .................
I.aser-lnduced Ch_,.nistry C. Stevens 150 I00 ' Laboratory-wide I'rincipal

l:ilm Adhesion S, DeTeresa 35 -- Projects Investigator IFY1988 FY '1989
Actinide Catalysis C. C'(flmenares 180 -- , . ,

Capillary Structures R. Itopper 101) - Synthesis of [)ense, '

Dislocations and Strains M. Kassner 18(I * Energetic Materials A. Mitchell $14 t) ---
lh'etransftwnaation Phase Studies L. ]anner 175 * Scanning Tunneling Microscopy W, Bell 148 ......
Material Behavitw and Failure W. Gourdin 225 * Ceramic l_aser I tost .I. Marion t)c) ....

I.ow-13ensity Foanas S. Letts/l,I. Pekala -- 1511 Ata = 0 Spectroscopy T. B,u'bee 166 *
klltratrace Analysis B. Andresen -- 1511 Material Structure/

Enzvme Models M. 13_oege --- 150 Short Time Periods Q. Johnson -- 138

Reduction t)f Plt t(miuna Oxide M. Coops -- 80 Injection of Ceramic l'owders K. Wilfinger -- 1112
Th,:'rnaal/Shock Sensitivity

of TATB W. Tat_ -- 100 Total $562 $240
Electronic 9tructure and

Phase Sl ab.lity A. Jankowski --- 61) Contintwd in FY It189 under l'hysics l)epartment, funded iii $176K.
Electronic Structuw of I'lutonium A. Gonis -- 6(1 ',

Total $1,145 $850

• Incorporated into Thrust Areas in IW 1989.

'1 t)l
# ta



A ronyms
,,

ACPAR angular corrulati_m _f positr_m IR.&D lllstittltional Resuarch & I)cvul_q:_munt
annihilation radiation I_CAO/MO linuar c(,r_birull.i_l_ (ff at_mic

bcc bod v-centurud ctlbic ' _,'[-,ilaIs/rn_lecula r _rbital' .

bcr body-centered tetragonal , LIF l,_st,r-ilutuced tlut,'uscuncu

C&MS Cl_urnistry & Materials Science LLNL ]alVCrt_,flc(.'I,ivt.q'nlt)l'lJ Naticmal I._abcmll_ry
CAR.S collurent anti-St_kus Raman scattering MTS . rnt.,chanical thrush¢_ld strt!ss
CCD cl'Largu-coupled device N M R mlcluar magnetic resonance

'CDA' Copper Duvulopnwnt Associati<m NSLS Nati_mal Synchrotron I,,ight suurct,
CPA cohcwerlt pt_tential approximati(m OI-:F_; oxygun-free ult,ctrcn_i,:/

CPU cuntra! processing unit PAS pllot_acottstic spuc'trusccq.,y
CSM c{}hcwer_cvstrain model I'ETN 2,2-bis[ (flit r{}xy)nwtlayl I-1,3-
CT com pu ted tornc_gra phv . propanc, d iol,d in it ra lt,

CTEM ccmtrast TEM PICVD plasrna-initiated chenaical \,ap_," dupc_sititm
CVM cluster \,ariati_m nietl-un:l ppm parts per rnillitm
DET ctivt_rced-eutuctoid transftwmation psi p(n.lnds pc,r square inch
DETWAD I)ET with as.,;c_ciated deformatitm PSM primariz solMification mode
DM E 1,2-d irnuthoxyetha rw PVA . polyvinyl alclufl'l_fl
DMSO ctimethylsulfc_xide PVI9 physical vapc_r dept_sititm
DNA de(_xyribonuclc, ic acid RI)X lauxal_yd r_)-1,3;54rinitn> 1,3,5-triZinu
DoD IOepartment (_f l)ufunsu RF radio frc,cluency
DO E l)epa rtmen t of Ener{4y RF rusorci nol-furma ld eh yd e
DOS dunsity _f statc,s R.H relative humid itv

DVB divinylbcw_zene RSMST real-spacu multiplu-scattering thu¢wy
EAM (.wnt-,cdded atom method SCC stress-ct_rrosi_m cracking

EB uh_,ctrt,a br!am STM St_] laI]i]_I ttl rll'l(_!lirig, rnicrt_sctq)V,-- I
ECI ti'ft:c'ctive cluster interaction TATB 2,4,6-trinitro-1,3,5-bc, nzc, nutriarninu

EPi effc'ctivt, pair inturactior_ TB-CPA ' tight binding ct_hurent pt_tuntial
EQQ c!lectric quadrupole interactitm apprt_ximati_m
ESR. elt,ctr_m spin rusonance TEA thurmal-unergy analysis

EXAFS extunded x-ray absorpti¢,a fine strt_cttlrc, TEM transmission ulc,ctrtm rnicr_scopy
fcc ,t:ace-cc,nt-c,red cubic TFAA trifluoroaceiic anhydridu
FEF'O 1,I '-[ nautlaylunubis <_xv ]bisl2-flu_m ,-_,.,.,,_":'- TFMSAA triflutmmautlmrwst_lf_mi(: acid anlavclridu

dinitr{)uthanul ' TIGER a thcwnu._dyr_amic-l_ydrt}dynarnic c_de
GC/MS e,as chromatt_graphic/nu_ss spectrtmwtric TMOS tutramutht_xysilanu
GPM generalized perturbation mt,third TQMS triple cluadrt_p<_h., mass spuctr_wnutt,r
hcp hexagonal closu-packed UHCS t.lltral_igl>carbtm stuel
HEL 1lugor_i_t ulastic limit VISAR vul_wiiy intc!rfertnnc'tc, r system for

. - _ ,._ e..., ,H MX octa h yd ro- I,,-,,.,/- tutra nitro-1,3,5,7- any reflector
tutr,_zt_c'inu WFO W_rk lt_r' ()thr, rs

l-lOP(.; highly t,'dert,ct p),r¢_lytic graphite WSR Wc,aptms Suppt_rling I,_t'suach
HREM laigh-res_fltltion TEM XAFS x-ray abstwptit_n finu struc'turu
HR.S lu,t recvclc,d s<_lict XANES x-rav abstwpti_m nuar t:ctgc, .,-,lrtlclt.lrl;
ICF inuriial ct)nfinun_(.,nt fusitm XTM x-ray tornt)graplaic rnicr()sct)pV
ICI' lhd t|ctivc'l v ct)u plucl plasrna (-mass YBCO 'r't3,.,(.'t_:_()_.is

.'-;pt,ctrtu'nutrv t,"-urnissitm Z aramaic I1tllllbC, l"

spuctrt. _scop..v)
,.

I _t )






