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MICROMECHANICAL STRENGTH EFFECTS IN SHOCK COMPRESSION OF SOLIDS

J. N. Johnson
Los Alamos National Laboratory
Los Alumos, New Mexico, USA 87545

Time-resvlved shock-wave mensurements and post-shock recovery techniques have long been used as means of inferring the
underlylng mictomechunics controlling high-rate deformntion of sollds. ‘T'his approach requires n considernble amount of
subjective interpretwtion. In spite of this feature, progress has been made in experimentntion and theoretical interpretation of
the shock-compression/relense cycle and some of the results arc reviewed here (or weak shocks, Weak shocks nie defined 10
be those with peak amplitudes (typically 10 - 20 Ga for most solids) that do not overdrive the elastic precursor. The
essential eiements of a typicul shock-compression/release cycle involve, in order, (a) the elastic precursor, (b) plastic loading
wave, (¢) pulsc duration, (d) release wave, and (e) post-mortemn examination. ‘These topics ne examined in turn, with some
emphasis given to elements (b) and (d). If the plastic loading wave is traveling without change of shape, it is possible to
converl the panicle-velocity/time records to a shear-siress/plastic-strain-rate path. Shock data in this form can be compared
directly with low-t -intenimediate strain-rate iests. Results for copper and tantalum show how shock data can be used to
determine the transition from the deformation niechanism of thermal activation 1o 1hat of dislocation drag.  An important
result of release-wave studies is that the leading observable release disturbance in FCC metals may nol be propagating with
the ideal, longiludinal elustic-wave speed, but at a lower velocity dependent on the clastic bulk and shear moduli amd the
product of the dislocation deasity times the pinning sepuration squared for dislocation segments in the region behind the
shock nnd ahend of the 1elease wave.

INTRODUCTION

How can an experimentalist ook inside a shock-loaded
solld on a submlciosecond tme scale and examine the
micromechanicnl aspects of materinl strength and
deformation properties?  ‘Lhe answer seems (o be that
geacral ditect observition is very difficult except for a few
special materials, and then only for a few special
)‘Itll('lllﬂlil that can be probed by clever uplivul means | I-
). This means that most of our "lafounmion” concerning
the mictomechanieal basis for material deformation under
shock conditions must come from indirect methads.
Measutement ol panticle velocity, longitudinal stress,
lmpulse, and so on. contping informntion about the
miciostractues, i the data can beinleipreted properly.

The inteiprctabon of mactoseale measmensent (o
provide microseale information is a dittieull and nonunigie
process  This was iecopnized by Otowan, one of the (o
discoverers of the distocation [4] nud he expressed his
teservitions  abhout  being  able 1o diseern the
mictomechanicn]l basis of matedinl deformation fiom
integrnl ensile tests s follows:
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Figme I Plae impact experiment

"o The exension of a piece of metal (is) in o sense
more complecaied than the working of a pocker watch
and 1o hape 1o devive information about sty mechanisvm
from _ the tenside 1ot (i8) perhapy ay optimistie as
wouhl be an attermpi 1o learn ahowt the working of u
pocketwatel by determining its compressive spength ™

Fapawe 1 shows anidealized Ha plate impact prolide of
porticle veloeny asa funetion ol tiage al some hypothetical
g location interion o the samphe 11 the sample nlml('u.ll
W transpanent, these measurements can he made in osite
Mote olten, ay in the ciwe ol metds, meaanrements are
made at the plana intelace hetween the sample amd o

In spite ol this very discomaging viewpoing, T want 1o tanspment window matenmd chosen o provide

deseube some positive things that have been done o shed
Hapht on the mictomes binpieal hasis ter maedinl defonmmtion
ntnd plastie o i shock londed solids “Hhere s been
some propress, but i s teken a bong tie snd ngrent deal
ot tesowces, il cureent interprelahons e open Lo
tutther bnvestigntion,

veasomatily pood acouste impedance matciv with the
sample When an appraximate impedance maleh s
obimned, spotlation i prabiited, the weabized yecond
shown in Fygoee B contams noolonmabion uhout wenwly
Brncture propetties of sobids, that s opee foe sepaate
diacassaien,



‘The main features of the wave profile shown in Figure
1 are (w) the elastiz precursor, (b) the plastic compression
wave, (¢) the nominally flat platenu between compression
and release, (d) the elastic-plastic relense wave, and (e)
wst-mortem recovery (lollowing the shock/release cycle).

will deal with each ¢ these topics in turn, with emphasis
on (b) und ().

The micromechanical basis for high-rate plastic
deformation is extremely complex. In order 10 make sense
of indirect experimentnl observations, we need a simplificd
pictiie of the deformiation process. Figure 2 shows some of
the mujor aspects of plastic deformation on the mesoscale,
Pictured here are several disloeation line sepments
traversing a principal glide plane. “The intersections of the
stnight lines in the glide plane represent alomic positions
in a simple cubic lanice. OF course when we consider glide
on (111) planes in <1 1)> directions of the FCC lattice,
Atomic positions ate more unnpliculed than this. Also
shown in the glide plane mre pinning obstacles provided by
impurities, interstitials, and other dislocations.

Three major factors conttibute resistance (o dislocation
niotion; (a) the pinning obstacles, (b) the static resistnnee
of the lattice ite2If (Peierls stress), and (¢) the drag
resistance provided by the latice wlien the applied stress
exceeds the Peierls stress and the distocation is running in
the clear region between pinning obstacles. 1n this piclure
(&) .nd (b) are thermnlly activatea nrocesses, and (¢) is &
simple mechanicol dissipative process.

o Ditlocation/t hidocation
o Intrex thons
-

Y

Figie 20 Schematic representation of plastic detommition
mechanisins,

Omitted ony s diagean see important ellects such as
dislowanon elimby, va whic-hen pinned dislocation can climb
out of the principai plide plane by cross slip on an
intersecting plane, to, example  Nevertheless, the
snuphtied pictue shown in Fignee 2 gnovides a means of
mterpreting shock wiave esponse s showan m Figue 1
What T intend to pesent ison broad intesprettion of how
wnd when deformation mechanisms ta), (b)), and (¢)
contubnte o mechimical strenpth etlects in shock wave
compression of FCC and BOC metals, and how the bowed
out dislocption wepments betweea pinning, obstacles
vontnibate to gqueasiclastie behmvioe g the “elnstie” pontion
ol the elisiie plastie pelease wave,

COMPRESSION/RELEASL PROFILE
Elustic Precursor

This aspect of shock compression has received a great
deal of study, particularly experimental measurement of
LiF single crysials [5-7]. Deformadion at the elastic
precursor front is coutrolled by mechanism (¢), with a
great deal of motile dislocation multiplication. "The clastic
precursor undergoes extreme excursions in applied shear
stress near the impact surface, and for this reason is very
hard to charncterize fully. Importam aspects of the
decaying elastic precursor have been reviewed in reference
18I,

Plastic Compression Wave

The plastic compression wave is even more
complicaled in its deformation processes than the elastic
wecursor, but has scen greater success in micromechanical
luterpretation.

The important aspect of the plastic compression wave
that allows analysis is the fact that it very quickly
establishes a steady propagating profile; that is, the particle
velocity in the plastic-wave region can be expressed as a
function of x - Ut, where U is the shock velocity
corresponding to that particular wave amplitude. The rule
of thumb [9) 1s that the transit time to sieady propagation is
~ 1§ sisctimes of the plastic wave iont. Tor exinple, if the
risetime of a 7.3 GI'a shock in tantahum is 30 ny, the stewdy
natuie of the plastic wave 18 established i less thun 500 ns
(propagation distance of ~2 mm).  Of course it is always
better to establish steady-wave behavior expetimentally if
the resoucees mie available, but this is not always ,ms.\'ihlc.

When the plastic wave is steady, the longitudinal stress,
specilic volume, and paticle velovity satisty the muss- and
momentum-conservation relntionships:

[ WA N17/ | . ()

o-=-pliv . (2)

i and U e known, ¢ owd o can be obtained. 11
addditional equation of sinte information is known, itis also

possible o obtain the shear stiess toand the longatadinal

This is the computntionally
istensive pmt ol the problem Bar the impovant resultas
thit we cnn then plot the shock dativin leoms o shew saiess,
plastic stain, and plastic st se. Ty is the common
cuntency of waterials scicntisis.. We do not have to qun o
hydiocode andd show apieement between theory and
experiment idonden w convinee satheone that we know the
weehnmsim tespomsible ton shock detormation. The data

we sunply ploted in the (r @), Cy, ), or (g ) planes
undd the utegetation is nliiost mmediage

Cor exmmple, shock compression ol copper wh he
distinet franstion o vine ous dislocgtion deag, m chanism
(¢), betore vettoimg to the themad acuvation mechanism
GO o the region behind the shock front Figaee 4 The

plastic stemn y (1O 12}

upper solid curves represent the acweal 1,y pathes [1Y)
toloswed e the shock fronts, whide the Tower dash andd



180 ' 1 I
OFL copper Shock Data
ol / (54GPa)

nN
o
i

MTS
(5.4 GPa)
/

Shock Dala
(3.0 GPa)

Shear Stress (MPa)
3 &

30 <
/ - -
2o\
47 MITS
" (30GPa)
0 i 1 -
v 1 2 3

Plastic Strain (porcent)

Figure 3. Shear stress paths in shock compression
experiments (OF1L copper). MTS values me calculnted
from measwed plastic stiain jntes,

dash dou paths give the mechanical tueshold stuess (MTS)
ns o function of ¢ thiaugh two difterent shock paths, ‘e
MTS is the 0 K shear stength, and the actunl thermally
activated How siess is somewhat less than this due to tinite
temperatwee | 14). Atihe end of the shock path the shear
stesy lalls below the MTS und the de formation mechanisin
reveits to thermal acdivation,

An important queston is: whatiegion of g space is
dominnted by thermal acnvation ns compated 10 viscous
drag in OFE copper? “The answer is that at high strain res
and low plastic strains viscous  dislocation dag,
mechanism (c), controls juaterial deformtion,  As
delotmuion proceals, the MIUS incteases due o raie
dependent work hardening, mechanism (o), and evenclly
avertakes the viscons dey contiibution Hener, Tor this
muterind, viscous deag plays a dominant tole only in the
shock fuont

Tontnhum s adso been stndied as o typical BCC metal,
and 1t ix ol interest o deterimne the dominant delormmtion
mechanisms ander varions lowding comditions. Figuie 4
shows shock compression datn [19] in comparisom with
Hophkinsen bar measinements over severnd decudey in
nstic stain utte. The (lat plagewore pion on the ripht is e
‘cictls sttesy ( O AR G Waithout other demmmation
mechanisins there wonld be no resistunee o npphed shew
seess nbove the Peictls steess The dashed line isivp very
seeply at a plistue st ante on the order of 10V ¢ Uy
baved onthe theoty of hoear desdocation ding with constant
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Figure 4. Shear stress paths in shock compression and
Hopkinson bar experiments (tantaduim).

mobile dislocntion density Ny, “The experimentl shock
data clenly show the importance of rapid mobile
dislocntion density evolution, and o very stong dependesce
of plastic strain rale on shear stiess in the viscous drag
regime. We cuniently have ro constitutive models that
adeqguately iepresent this materind behavior.

t is also clear from the diata shown in Figme 4 thm
thermal netivation through the Peicils baniers and viscous
distocation drag, mechnniss (b) and (¢), have atout the
sime strain vate sensitivity, md that there s no clea
distinction between the two defuimation mechanisius ns
there is lor OFE copper. Al lisger plastic stiains
dislocation/dislocation interactions also play a aole in
determining matenal stiength of tamtahum.

Pulse Duration Ffects

The region between cotmpession amd retease is aaaally
thought of as benp neuly consant, withoet moach e the
wiy of mictostiuctual evolution. “This appears o be
incorrect, based on the numetous observations of pulse
duration having an wmilluence on post shock matenld
stienpth, Reference [ B] containg some wdded discussion on
the possible vrigins tor this ellect.

Quasiclasone Belrae

Just ns mtaldysis of the elnsue pecinsor enn yield
inlornution on mictomeelooneal behavior i the viciniy ol
the initiel siate, wnloadmp (or eloadimg) waves contaan
e tenuechanicat mtonmaton abont the diocked state In
Lac 1, some things aphly the analyas ol refease wives nod
ather thips make i more comphoated  Since ahe sonml



speed generally increnses with compression, the shear
siress in the release wave does not undergo the extreme
excursion that it does in the precursor,  lHowever, the
release wave is moving into pre-shocked material for which
we have very little direct information about existing
microstructure (dislocation density, pinning separation,
etc ), and speculation and conjecture therefore become a
linle more important than we would like.

Nevertheless, something can be said nboul release from
the shocked stale 116,17]. These clfects me simply
sunmarized here.

I'hie source of quasiclastic release is the pinned
dislocation segments shown in Figure 2, Because of

dislocation curvature thewe is o back stiess 3 = GU/R, where
R is the tadius of cuvaime of the segmeat, acting in

opposition o thie npplicd shear suess T As the shear stress
is reduced in the relense wave, the pinned dislocation
segment immediately sweeps out area in the reverse
direction (as it coliapses toward strnight equilibrium
between the two pinning points) and contiibutes w reverse
plastic tlow,

This ctfect can be cuantilied, and the quasielastic
release witve prolile caleulated as shown for OFL copper in
Figure 8 [16] using a lincarized version of the evolutionary
equations. The nondimensional mictomechanical constants
for this caleulation are B/(ab?) = 0002 Gl'a ns and B(L/b)2
w ().005 GPans, where B is the viscous drag coellicient, n
Is the density of pinned segments, 1. is their pinning
separtion and bis the magnitde ol the Buargers vector,
‘The results shown in Figure § ate not the whole stny, but it
does give an indicntion of the kinds of things that can be
lenrned about mictomechianics from relense waves.

An imporant nspect af welease wive behavior in 11
metals s that the leading obwervable release mny not
conespond 1o tully elastic behavior [ Instead of
sampling the longitadinal modatus K v 4G/ i the shock
compressed state, the lending observaole wlease wave is
determined by K v (G011 0 nl 2241V Since we have
littke contiol over the product ul.? in o shock expenment,
cnte should be exercised inowsing release wave datn to
detenmine elastic modolv i FCC mels,

Poxd Morien; Recovery

Important imformstion o mateoal microstructore v
o e obtained toom eacetul weeovery experiments The
dinwbacks of Biese expediments e thig some addational
detonmation oceurs i the welease wave amd perhaps an the
citeling: process el However, an actunl view ol (he
et pctne, even post imenens, is often very helplul in
chimmating  Ludse mechamisims frome real time data
interpremtion  The revicw mncde by Gaay THR] deserile
the tecoveny process md the kinds ol mteaoanon that can
be ohined.

SUNMMARY

I spte ot comples material v bavior aod inuvlnvlru'
expernnental data, shock compression scienticgs hive been
||h,r to picce tapethier a comasten ne omedanical pe e
ol hiph eate deformanion Brrecr obervation ol these
[roceses world e peeaty e establihong uniuenesy of
nterpietation

03— = [ [ o o p e
, Data
*
o
E . Calculation
5 02 -
g
9 -
[ V]
Q
‘]l’_!
% 0.1
L
[
P [ OFL: coppa
oL S S [,
0d [0 15 20 FX )
Time (us)

Fipute 5. Compadison of experimental data and calenlation
of quasiclastic 1elease in OFE copper shocked to 10 Gira,

REFERENCES

113, S Wk, R R, Whitloek, AL AL Hauer, J. 15 Swain,
ad 1 Solone, Phys. Rev. 1840, pp. 5705 ST14 (1989).
121 P D, Hom and Y. M, Gupta, Phys. Rev. B, pp. 973
Y79 (1989),

131 D. S, Moore and 8. C. Schinidt, in Shock Waves in
Condensed Matter 1987 (edited by S, Co Schmidt and N.
C. Holmes), Amsterdam: Elsevier, 198K, pp. 15-42,

(4] K. Orowan, Proc, Instn. Mech. Engry. 1S4 pp. 133 141
(19:44).

151 J. R. Asny, G R Towles, G B Duvadl, MU TE Rades,
and RE Vinder, [ Appi. Phvs. 43, pp 21822145 (197 2).
16) Y. M. Gupta, G, FDuovall, and Go R Towles, . Appl.
Phys 46, pp. 532 540 (19 15).

1 G Meand ROY Chtton, J.Appl. PPhys 89, pp. 124 148
(19RG).

(K11 N tohason, in High Pressieee Shock «Compression of
Sodidy (edited by 1RO Asay and M Shahinpood), New
Yok Sprarper Verlag, 1994, ¢h 1

9] 12 L Fonks, personal conununication (1992,

HO) DL CoWallace, Phys Rev 1 22 pp. IRT 1494 (1T980),
] O Wallaee, T os Alamos Rep TA TOHIY (1985),
210 Tonks, Los Alaies Rep TA LIGR MS (109,
HEAL LN Tohson s DT "Fanks, i Shock Wanes in
Condenved Manter 1991 (edited by 8 € Schomidt, R D
ek, 1. W boarbes, and D G Fasker) Amstendime
Flsevier, PR pp V7T VIR

[0 Y Follansbee and U1 Kocks, Acta Aletadl Mo, pp.
KL DV (19RK)

P 1 Tonks, 1S Hhison, 1N Joboson, ol G
Guay HIL s volume.

(1o TN tohnson, 185 Thisvson, GOV Gieay L oad ¢
Motns, 2o Appd Phvs T2 pp 429 L M)

LT N Jobonson, T Phys Cheme Solids g press,, 199 00
JERE G T Gy W i Hagh Pressure Sk Compyrevvon of
Sobuy tedued by 1RO Asay and M Shahinpown), New
York Spomper Voalap, W ch o



