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Relation Between Shock
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Plasticity at Maximum
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Theoretical Division
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Los Alamos. NN 879549

Using, Wallaee's amalysis for steady wenk shocks, |
establish for Cu, Ur, and 606G TGAL approximate re-
lattons Letwyenn the shoek streneth and tle maxinnnm
deviatorie stress, 7., d plastie steain ae v, Inaddi-
tion, | show that the plastic strain rare is very nenrly
proportiotal tovhe total nortal strain tate at v, Tuse
these results and the amver.al shoek strengtly/strain
rate relition of Sweele and Grady to draw conelusions
zhout the weneral plasticity constitwive relation.
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I. Introduction

Recently, Sweele and Grady! have noted the follow-
e power law relation berween Co. the maximm toral
normal strain rate, and 4, . the tormal sreess ar the
shock end:

‘.. \-ﬂ"-, (1t

This relation seems to lold for a wide varbety of pia-
terials, for whiclt the stress exponent, e is abont 4.
The qquantity ¢, whose time derivative appears above,
is the compression or 1 = V/V,0 where U oand 1, are
the current and initinl specifie vohinmes, respeetively.
It would b interesting to discover what meaning this
power law has in terms of waterinl properties. which
umst involve, for the metals nt least, streain-rate plastie-
ity. Inorder to do this however, conneetions are neeeed
between the quantities of Relation v, whiclt are “vol-
untetrie” in nature, and their correspording deviatorie
quantites, whicl direetly jinvolve plastieity,

The purpose of this paper is ro establishi suelt con-
neetions for Copper, Uranimn, and G061TG Ahnnimnn.
ated to explore the consequuences tor o eenernl power-
law type of plastie steatnvare relation, [ase Wallnee's
analysis for weak shoeks to do this® T Hud thiat o0, the
plastie sreatn ar the point of waxitnn effective devia
torie stress,m,,, el =, itself approximately depend on
a, in the form of power lows, | Turtlor tind thae oo,
thie plastie strain rate ar r. L is very nenrly propostional
toe., whicltis ¢ ar 7. Using these resalts, T show thint
the exponents of my power lnws, theese of the gencral
plastieity relation, and the exponent r of Swegle and
Cirady obey o rvertain relation. This relation should
prove sseful in ligh steain rate modeline,



II. Theoreticai Treatment

The theoretical foundation of this work vests upon
the weak shoek theory of Do C. Wallaee,® This theory
allows one ro caleulate, for a wave wirlt a steady plastie
portion. the stresses and strains through the shoek rise
as a funetion of @ withont knowing abont the time
dependence of the plastie steady wave ar all. Besides
thermomechanieal parameters, ouly the shock veloeiry.
D. and something of the precursor bheliavior need be
known,

For the preeursor behmvior, Tuse the sane model
as Wallnee,* who took the particle veloeity for the “fol-
lower™, the wave portion between the precursor rise and
the bottom of the steady plastie wave, to be a linear
funetion of time, This assuption is fairly well obeyved
experimentally for G06L1TGAL aued Urt Its validity is
uot known for Cu sinee only one precursor was en-
sured.! This assumption allows the cquations of motion
to be integrated to obrain Equs.(14) and (13) of Wal.
lnce, which I used hiere to obtain e as o funetion of o .
The results do not depend on the slope of the follower.
ouly on the particle veloeities at the precursor vise and
at the battom of the plastie wave,

For the stendy plastiec wave. aaee the shock strength
i~ speeitied, the jump conditions and the shock veloeity
catt be used 1o relute o to o,

Onee o and o are known for the whole shock., the
cffeerive deviatotie srresse roand the plastie stenin, o,
cant be deteemined fran Fgusa 180 and 0 19) of Wallaee?
whiclt aive o ad £ i terms of the steains o oaned o
seeotnd and third order polyerystaline elastie constants,
aed the Gruneinsen povunetee, See Wallaee® for the
detinitivns of the efleerive devintorie stress and strain.

At this point, one Kiows the stresses annd strains



thiroughont the shock patly. bur nothing abour the rine
dependence,  One ean, however, ealeulare the ratio
¢ /e sinee the time diferentinds cancel to viell de e
This quantity cant be obtained tfrom Equ(13) of Wal-
Inee’ by differentiating both sides and replacing Jo
with /)uD" de .

There remains only the task of Huading tle point
of maxinnun 7. [ found &, munerieally. sinee the ap-
proxutarions tecessary in analytical methods were not
precise enouglt.

It order to compare my resailts wirl the experimen-
tal relationn 111, which involves (.. Tunst assune thae
the max-7 point coinetdes with ¢ . This need not be so
hut seewms plausible. It the ease of 6061 TGAL the work
of Wallaee®* shows for borht 21kbar shocks and the one
“clean™ 3Tkbar shoek that the two points exaetly coin.
cide. The other two 37kbar shocks have irregularities
whose resolution suggests that the two points should
coineide. At any rate, it seems that the two points
shiould be elose together.

[t is of interest to compare our point of waxinnun
r with Swegle and Grady's point of “maxinnun viscous
stress .U lu their approxuunation, this point oceurs a
fraction of f = .5 along the steady wave, where f s
the ratio betweenr ¢ = ¢ at this point and o, =« . Here,
o, is ot the shoek end and o is ar the base of the
plastie steady wave, Ty eadenlations, iy point of
r.ooecured ar oz SR, nned LGB for GOGTTGAL Cu,
atd Ur, respeetively, These values are averages for all
but the tiest shoek enleulived, Henee, for the materials
anted sboek streneths [ ealeulnted. my padne of = andd
the voint of “nxinmn viseons steess”™ of Swegle and
Griuly chscly coineide,

A practical word about third order adinlatie poly
erystaline clastie constants s in order. X wood set s



available for 6061 TGAL’ Lut not for the other two mate-
rials T ealeulated, Those available for Cu. for example
Kanemochi,* do ot give the vorreet pressuze deriva-
tives of the shear and bulk modulii.  The pressure
derivatives™ ® can be more rehably measured.  Fortu-
untly, if one writes the thivd order coustants ¢ and € in
terms of these pressure derivatives and the thivd thivd
order constant ¢: one finds that the weak shock analy-
sty is sensitive mostly to the pressure derivitives. ! [ did
this for Cu and Ur and then varied J over a wide range
to iusure that its actual value mattered litele, This
proved to be the case, as will be deseribed in more de-
tail in the next section. The equations used' were the
following:

v=13-30'B -6¢)
€ =(=3BG' -3B -yt +.51)/3.

whiere B and G are the bulk and shear modulii, respec-
tively, and the pritned quantities nre the corresponding
adiabatie pressure derivatives,

The experitental pressure derivatives” ™ arve at con-
stant temperature, To convert thent to adiabatie deciva-
tives, the following fornntla was used:

ﬂ’_’_) _iﬁ_) +_")_”.) Ty
JP /. - or r or ,.pnf'l"

where S is the entropy, T is the temerature, 4 is the
volhue coctlicient of thermal expinsion at constan: P,
p i the fnitial density, and Cpois the heat vapneity
at vonstamt pressure, The analogons tornniln was used
for the shear modelus, Values of the above parameters
were obatined. in part. from Sinumons and Wang!
a thermophysical linndbook.*!



III. Results

It Figures 1 and 2. [ show results for Cu and Ur,
respectively.  Those for 6061TGAL ave stilar.  No-
tice from the upper panels.that ¢ /o rapidly drops to
a coustant for each shock. When, for a given fam-
ily of shocks. one fits the 7, point to a power law in
.. one finds that the exponent is about 1025 for Cu
atnel GOG1TGAL andd less than .03 for Ur. Henee, for all
practical purposes, ¢, is proportional to ., for these
materials amd shoek strengths,

Thie shock of lowest strengtl was not nsed in these
or any of my fits, since it often visibly departed trom
the behavior of the rest of the shoeks, This was due to
thie “follower”™ strengtlt betg too elose to that of the
plastie steaedy wave itself. The bhehavior reported here
is due to the steady plastie portion of the shoek. which
dominates if the shoek is not roo weak.

The second panels of the fgures siow log-log plots
of 1, versis a4, togetlier witl a least squares fit to the
power law, a, [t is scen that the power low fits fairly
well, the “error of fit” of the expouent p being roughily
1/ for all three materiads. The values found for p were
D897, and .78 for Cu. GUGLTGAL aurd Ur respectively.

The thivd panels of the Hgees show log-log plots
of r.oversis a0 with the corresponding least squares
fits to the pover law, oL Again. the fits are good
witlt the fitting ervor being about 3'4. The values ob.
tained for the 7 -exponent @ are 123058, ad .78 for Cu,
GOGITGAL and Ur, respectively.

[t should bhe cipliasized tha: these fits are mean-
ingful ouly for the wenk shock regieme of stress and
stratn, The ranges o shock streneth used here cor
respoted closely with those of the data used by Swe.
gle and Grady in deriving Eg. . Consequently, my



fits can be meaningfully compared with their relarion,
but care shottlil be exercised in using them onside the
regicme of the data,

To asses the nneerrainty in the Cu and Ur ealeula-
tions due to not knowing ¢. I varied ¢ from -3300kbar.
the value nsed for the results above, to +3500kbar. The
value of p for both materials changed by 24 or less and
the value for # changed by less than 0% . Henee, the
results are, indeed. sensitive only to B and G* and not
to ¢. For the two materials. I also redueed the value of
ir... the particle velocity at the hegiuning of the sheady
shock, by 20% to see how sensitive the results are to
the follower and the asswmptions made about it, The
changes in p and ¢ were about 3%, except for the Cu
f-value which changed by abour 11%. Siguificantly. the
Cu shoeks ealeulated were the wenkest compared to the
follower. These . uncertainties arve not significant.

[ used the eo-values 0108 nnd .05 kim/sec for Cu and
Ur. respectively. For Cu and Ur, [ nsed 0. the valne
observed experimentally. ! for the veloeity at the pre.
cursor rise. For the shock veloeity, I used the relation
D = ¢ # ~r. where ¢ is the particle veloeity, For Cu®!
aned Ur'* respeetively, Tused the values 3.917 and 2,51
for ¢ and the valnes 1,32 and 1.51 for s, For Cn and
Ur. respeetively, T used 894 and 18,9 for the initinl
densities and 199 and 1,56 for the Gruneisen parae-
ters.! For GOGITOAL [ used the shine parnmeter values
as Wallnee !

[ will now otrline the cotsequences of my power
law Hes and rhe Swegle-Grady Equ(1) for o general
power-law strain-rate constitutive relation. These con.
sequenees constitute wy interpretation of the Swegle-
Grady relation in terms of plastieity, 1 assue norvela-
tion for the plastie strain rate of the forn st
whielt s asstuned to Lold ar the £, point of the shock,
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attel, presiunmnably. for orher states if they are not too
far “away”. I can nse this form and my resalts above
to obrain a relation ro compare withh Eq.i1) of Swegle
and Grady in the following way. First, apply the form
above to the r, shock points. to obtain 1, ~ 02}k,
Then, replace L Wit € 10, with a7, and replace 7,
with @', ax justified above, The result is ¢, ~ a'rt,
This result is analogous to Eq.(1). Comparing the two
vields

£ = pa + th, (2)

with . being roughly 4. This relation is the condition
imposed on the general strain-rate power law consti-
tutive relation by the Swegle-Grady relation and my
resnlts in this paper.

It is of mterest to chieck out relation (2) above for
the ense of 6061TGAL for which a shock-wave power
law strain rate relation is available.!® For this relation,
a =3 and b = 4 so that pu + th = 5.2, By my own
caleulation, the exponent . of the Swegle-Grady rela-
tion lies in the range 4.9 to 5.2 for this material. I used
the 21kbar shocks and the one clean 37kbar shoek to
obtain these munbers, These values of o agree fairly
well with the 3.2 obtained vin Eq.(2) and are not in-
cotsistent with the rough vahie of 4 quoted by Swegle
aned Grady.

IV. Conclusions

For the realin of plasticity encountered in weak shocks,
the vesults of this paper. together with the Swegle-
Grady steain-rate relation, appear to support a power
law relation for the plastic strain rate as o funetion of
plastie strain aml effeetive deviatorie stress in which
the exponents obey the relation (2) of this paper.
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FIG. 1. Copper results. The upper panel shows the ratio of ¢, the normal total strain rate, to r
the plastic strain rate. as a fuuction of normal strain for tive shoeks. The middle panel shows, for
the sanie five shocks, ¢, the plastie steain at the point of maxinnun deviatorie stress, versis a,, the
normal stress at the shoek cud. The squares are the caleulation: the line is a least squares fit, The

lower panel shows the same exeepr that 7., the maxinnun deviatorie stress, is plotted instead of ¢,
FIG. 2. Uraninm vesnlts displayed in the same way as FIG. 1.
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