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D. L. Tonks

Plastic Flow in Weak Shock Iyavesin Uranium

Measurements ofthcparticle veiocityin woakstmrkwavo sinmctalsarr available fora number of

materials. /1/ These meamremcnts use the laser i:llcrferomctm or l’lS.-\ N technique in conjunction

with a plate impact cxpcrinwnt. Thww mcasuronmnts art’ important for determining the elastic

- plastic behavior of materials at high strain rat PS. Strain rntw up to 107/s are measurable with

this technique. while more conventional nmrhanicnl twting machimw . such as the Hopkinson bar.

achieve rates only up to about 104/s.

In this paper. the VISAN mcasurrnwntti of Grady /2/ on uranium arc Rnalyzed using the weak

shock analysis of Wallacp /3/ to cxt ract t ho plastic and total M rains, t hc dcviatnrir and total

stresses, and the plastic INrain ratrs, A hricf error analysis of t lw rwwlts will bo given.

The N’allace w~ak Anck antilysis /3/ wwi UIWI h) rxt rart Strmscw and RIrains from tlw particl~

velocity ,mdile data. ‘l-his mrt hod rolim on a t Iwrmcwlastir dmicription for snlid~ togrther with

an intcgrat ion of t hr nwrhanical rquat imm of motion. The t hcrmcwhwt ic Awcript ion involves an

(Expannion of the total normal ~t rwm. C. 14MI of t INI doviatoric Strmnm r. in Iorms of strainu aml

entropy, 10 inrludo terms of up 10 rwcond ordm in t ho plmit ic Rtrain. L’, nnd tlw 10IwI normal

compre~mitm. t. c i~ 1- pal/p, whoro pa and p tirv t hv inil ial and rurrvnt donwt it’s. rmpvrlivoly. ‘1’lw

plaatic ntrain. t“, ran hr Mind in tornl~ off nml r;,.tIr itlfinitrtiitnal Plant ir ~trnin rmnpontwl in

thr ~hwk direction. ~: (~r = ln( 1 - ~) + t“. ‘1’lm kt rai tl~ arv I IJ Iw r{~gardml ah runnll and .Pfcwrwl to

th~ initial ronfigurtition. ‘1’lm nornml NIrmrn, n, i~ Mnwl to Iw ponitivr itl crx,iprcmion: it wlual~

minu~ I 11Pxx-rompotmnr of t Iw M ron~ trnnor. “1’lwdt’vlaloric nlrvmm r. ran ho ddind in tormn of t hi’

yy - and 22- mnpomwtn of ltw MIman tonaor aA follown: (m - Ur ) = - rrr = -r,,. ‘rhr smmd-ordm

equat imtn nrr t hr following:



. ,

[’nfort unately. measured third-order dafitir constants are not availahh’ f-or uranium. Mrasurerl

pressure derivatives of the shear and bulk moduli aro available. however. and can l.w used with

the following equations to giw’ P and ~ il. tmns of t ho prlwurv derivatives and L /4/: P =

1.5( -3B’B - (ii) and f = (-:JIi’fJ - 311- It -~ .fiIz)/:1. wlmrc IJ is t Iw adiabat ir hulk modulus and

the primed quantities aro t tic rorrosponclin~ adialm[ir prm~urr dorivativos.

The rmmlts using t IW tihovc formulas for P and { arc usually quito insensitive tn rcasonablo

values of ~, This was tlw ratio for thr currtwt cill~llliltion~ in which ;~i-valur O( -.5,.7 Nhar was used.

A thmr~tical reason for t hifi in given in ~of. 1. /l/

The other part oft Iw \\iJliIcc weak shuck ~lliil~sis consists of t ho integral ion of t IN’ vquat icm

of motion, As Fig, 1 shows. t hP vclori[y proii!os dwdt u-it h lmro ronsist of a stmuly pliist ic >ortion

with a prcwursnr srrtion that S[rctrhrs out flirt Iwr and furt hrr wit h I ravel in fr(ml (d *ho steady

plastic portion. Tlli~ precursor port it)n is assuwd fu Iwzitl wil h an ahrupl ola$l ir ri*,’ In il point.

point b, which is s4wn to hr roughly tho sam f(w all of 1INSd;IIM Am h, Tlw slrtwhvs illld Strains for

thiti portion of t II(J waw wwrv r:ilculalml uhing this (’last ir asmmpl ion.

AH twvn in t’iK. 1. t ho piirl iclo w’lorit y Ilwn Krowk in t inw unlil H point. poinl r. iti rmwlwd al

t ho hasr of t IW strady plRst ic port iun. Point r i~ Wrn to hiiw’ roughly I IN’ snnw pilrt irlo vldority.

rr for all nf t Iw shot ~, TINS rllfliro of poinf r is SolllCWllill arhit rary. \-arilms rwwonahlr rhnirm ill

t ho wror anaiyhi~ produrvd lit 110 rlIii IIIKP in t ho rosulls,

‘] h~ 111(’~hallkd Wlllat klllS Of 11101bll (14’S( rihilljl f hl’ UMl!40rVil~ hill (If Illilhh ;111(] 1111)111{’llf 11111WOrf’

intogrfi[(d Iwf wfvn pninls h iln(l r [If t ho W’nw’ profilo I}y llh!iUIIlillK I hill p{iint 1) I rawdwl wit h t ho

I.agrmngian SOund sprod. t hnl poinl r t rawkl with 1Iw ~t~ady w~vv w’l”)rily. 11, :Ind 1hat 1ho

p~rtirlo vrhwity of I IN’ points in Iwlwmw variwl Iintwrly wil h 1imw
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by the following means.

The characteristics wavecodc ( ‘ll:\R:\DK /(i/ was IIA w!t II t ho apprrmirnato in situ profile

used as an initiaf condition to successfully predict 1he free surfiwe profile for shuts .\V(i and AV1O

for comparison with the dilta.

To make the waveco(lc ralrulat ion possiblm I ho approximat~ in situ profil~ was analyzml in the

above way to obtain plasticity information. This in fcmmt ion was then lit tml 10a power-law relation

giving plastic strain rate a~ a function of plasl ic Strain and chwialoric stress for two in running tho

wav~code calculation. m powr-law form IIWI was 1hc following: ~“s= IF( T - rg - II 1’ )~( tic+ LIM ),

where t“” iti the plastic w rain rate and rv is t ho yiohl st ross. The fits varied MmIL*wlIiit arrording to

whic]l of the profile shots was hcing ~iilc IIliLt(1(1. Ily way of cxampl(~, t IIC paranl:~t or val IIwJ for t ho

plastic-wave-portion of Aot J\V 10 wm t Iw following. r,, was -!.WW 10-3 Mbar: d was 16..150: h

was 0.0.1.5 M bar, g was 3.7!J!I: iilld r was ().77fN. ~’fl was W(J 1. \Vit h I Iwso valufvi. r iihovois in

Mhar and ~qis in ]/,q.

The above plasticity modrl is apprnpriatr for pla~ticity occurring during forward loading. For

t hc’rmwrw loading omwrri ng d uring t IIP rdkct ion oft II(’ shock wave from I ho frrr surfaro. iI diffmmt

mod(’1 must ho UA. I:or this work t IIC rmmswloadi IIE moA4 of Johnson (It id /7/ for (j(l(i 1 N vvaA

used wit h a f~w small Aangwi. Thl’ rwultti of iw uranium CiilCllliit ion WYS)C*nol v(wy sonsitivp to

tho piiranwl or valum in t his II1(MM whirh weans 1hat t lw good fits Iml www Ci]lrlllat ion and frw

mrfaro data did not dqond nluch on t lw d(’lails (Jf I ho rovw so pliiNt iril v III(NIId. II OIIW. 1ho wavw

codo ridndatirm indicat~ that Ihv in tiitu part ir!v vl’loril,v for uraniun) f(m 1ho ( ;ril(l~ /?/ diita ran

hr ohlaiml tn a fnirly gfmd approximate ion hy dividinx I ho frrv SllrfilW dilt il hy t w).



D = 0.249cm/ps + 1.KOLQ. where r is the peak particle velocity. /1/

In the error analysis. values for D. A. p. B’. p’. r~, and ( were varied within reasonable limits

in the \VaUace weak shock analysis with resulting changes in tho calculated r being less than 12%.

r is the quantity most sensi[ ive to error.

In this work. the plasl,icit} bdlavinr of uranium for wwali sh~ck waws has been elucidated using

the \Yallare wvali shock analysis and wnve codo calculations, The rl’suits aro fairly ind~pendrnt

of error in values of tlw physical paramcum tlmt entm t 11Panalysis and assumptirms about the

reverse. i.e. unloading. plilSlirit~ I hat orrurs al thr fmr surfnro.

A complele listing of those rmulls. Loqcl Iwr with results for 34’VOII01hvr nwtals. I* available in

the DataShoi) documwit / I / ;ImilalJlr upon rw:uwl from I Iw aut l~or.
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