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ANELASTIC RELEASE FROM THE SHOCK-COMPRESSED STATE

J. N. Johnson and P. S. Lomadahl
Theoretical Division, Los Alamos National Laboratory
Los Alamos, NM 87545 USA

Abstract - Anelastic release from the shock-compressed state is analyzed in
terms of intetnal self stresses acting on dislocation plle-ups and pinned
dislocation loops. Reverse anelastic deformation occurs immediately upon
release due to these internal stresses and is responsible for departure
from ideal elastic-plastic unloading wave bshavior: anelastic release is
commonly observed in all shock-loaded metals. The rate at which this read-
justment of internal stress occurs is determined by the viscous drag
coefficient in the shock-compressed ustate and has important consequences
regarding determination of elastic moduli from unloading wave data.

1.- lngroductien

A common experimental observation is that unloading waves from a shock-compressed
state in metals never exhibit ideal elastic-plastic response; thet is, the trans-
ition from elastic unloading to fully plastic unloading ia always observed to be a
gradual process. We call this process anelastic to distinguish it from {deasl
clastic-plastic behavior. To illustrate these ideas, wve imagine a finite-durstlion
sliock pulse arriving at some point {n tha material. The strain as a function of
tine is shown in fipure 1 for ideal elastic-plastic response (solid line) and the
anclastic response (dash-dot line) generally observed. The maximum volume strain
« = 1 - pg/p is deaignated ¢q.
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Fig. 1.- Anelastic releane-vave profile.



When these observations ars t-anslated into Lagrangian vave speed, the data appear
a3 shown in the diagram on the right of figure 1. Points ¢ and q represent volums
strains at vhich ideal elas-lc-plastic release (e¢) and anelastic releass (q) would
undergo tranaition to large-scale, reverse plastic flow (the normal reverse yleld
peint). In this paper a physical explanation for asnelastic relesse is proposed:
this is based upon internal self stresses resulting from dislocation pile-ups and
pinned dislocation segments in the shocked state. Calculated anelastic unloading
vave speeds /1/ are compared with data for 6061-T6é aluminum shock-loaded to 20.7
GPa /2/, and the influence of the viscous drag coefficient in the shocked state on
data interpretation is eritically examined,

2.- Lagranzian Unloading Vave Spaad
The Lagrangian unloading wave speed C is obtained in the following heuristic way.
The bulk and shear meduli in the shocked state are K and G, respectively. The

longitudinal stress ¢ in a planar shock wave is related to the mean stress p and
the maximum resolved shear stress r according to

o=p+ (4/3)r (1)
The Eulerian sound spesd c is then given by
pc? = p(do/dp) = p(dp/dp) + (bp/3)(dr/dp) (2)

wvhere p is the material density. The shear stress r is governed by
P =Go/e - 9) 3

vhere 7 1is the anelastic (plastic) strain rate, which is related to the
micromechanics of internal stresses :.cting on dislocations. For K = p(dp/dp) and
poC = pc, eq. (2) becomes

poCl = (p/80) 1K + (46/3)(1 - p¥/5)] . ()
3.- Calculated Wave Spaeda
Johnson, lomdahl, and Wills /1/ perform extensive calculations of C for 60G!-T6

aluminum shocked to 20.7 GPa and compare results with data of Asay and Chhabildas
/2/. These calculations are carried out for straight dislocation pile-ups and
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Fig. 2.- Seutces of internal stress.



pinned dislocation loops as shown in figure 2. The shear stress in the shocked
state {s controlled by the ygakest pinning points (as shown by the bursts in figure
2). Behind the shock front numorous stressed pile-ups and pinned loops remain.
When the release wvave arrives and the applied ashear stress begins to decrease,
internal stresses !mmediately drive the pinned and piled-up dislocations in the
reverse direction, thus contributing to the anelastic strain rate dy/dt. This {»s
the source of anelastic release-wave behavior. For straight dislocation pile-ups

78 = (bIN/B)(r - By), (5

wvhere b is the magnitude of *he Burgers vector, N is the density of piled-up
straight dislocations, B is the viscous drag coefficient, and f3 in the back stress
provided by the pinning points.

For pinned dislocation loops

ip = (bIN/LB)(dA/dh)(r - Bp) . (6)

where fp is the back stress dui to dislocation curvature and line tension, L is the
distance between pinning points, A is the area swept out by the bowed loop (as a
function oi the applied stress r), and h is the maximum displacement of the bowed
loop from its (straight) equilibrium position.
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Fig. 3.- Calculated and measured Lsgrangian sound speeds:
pile-up (left); pinned locps (right).

Calculated vave speeds are shown (dashed line) in figure 3 for straight dislocation
pile-ups and pinned loops in comparison with unloading wave data (solid line) for
6061 -T6 aluminum /2/. The material parameters used in these calculations are L/b =
500, N = 10! m"2 and B = 0.1 Pa 5. A constant value of (1/p)dp/dt = .10% -1 {3
also assumed. Values of L/b and N are quite reasonable, but the value of B i
approximately two orders of wmagnitude grester than for pure aluminum under

uncompressed, room-tempersture conditions /3/. Vhen calculations are performed
with B = 10°? Pa s, it is found that there is a yery rapid readjustment of {nternal
stress such that C decreases rapidlv without substantial change in «. Flgure 4

aliows this effect in the vicinity of ¢o = 0.17 for unloading from a 20.7 Gl'a shock
In 606]1.-T6 aluminum. The material parameters used in this calculstion are L/b =
1000, N = 10'¢ 2?2, and B = 10'% Pa s for straight dislocation pille.upa. The

1



inicial value of C = 10.54 kn/s at ¢og = 0.17 corresponds to bull and shear moduli
in the ahocked state (T = 590 K and o0 = 20.7 GPa) of K = 160 GPa and G = 67 GPa
/1/.

10.6 |
08—

04—

03| [

C (kmve)

102 /-

—”"’
P
o1 b "’,,r -
P
~
10.0 —eZ L
0.1080 0 1085 0.1700
VOLUME STRAIN (£)

Fig. 4.- Lagrangian vave speed near ¢o = 0.17 for B = 10°% Pa e.

The very rapid drop in C near ¢ = 0.17 would be difficnlt to observe experi:
mentally. If such a phenomenon were to occur, the data would be interpreted as
giving C = 10.2 km/s: it would be unlikely that the very small drop in strain from
0.17 to ~ 0.1699 could be discernsd in any wvave profile measurement. This is the
same as saving that the f! at true arrival (A) of the unloading wave would not be
distinguishable. Consequently, the data would suggest point B as the first

arrival, and a serious error would be made in determining the longitudinal modulus
{n the shocked state.

Physically this means that for B « 10" Pa s straight dislocetion pile-ups and
pinned loops can edjust elmost instantaneously to a reduction in applied stress,
with the result that the longitudinel elaetic modulus appears to measureably less
than its true value. When the drag coefficlent is large, the time scale for thls
readjustment is made longer and one can actually resolve the true first arrival.

A more fo-mal analysis of this phenomenon can be performed as follows. The time

rate of change of the back stress acting on straight dislocatlon plle-ups and
pinned loops for AL/Gb << 1 (B = 5 and fy) is given by /1/

Ba ¥ (B/to)(r - Bs) . 1)

Bl ¥ [16x(1-w)/tol(r - Bp) (R)
where t, = BL?/ba, & = Gb/2=(l-»), v = Poisson's ratio (here taken to be 1/1). and
L is the l{negr apatial dimension of the pile.up or distance between pinning points
for pinned dislocation segments,

Combination of eqs. (3), (5), and (7) then gives, for straight dislocation

pllie-ups,

h



Str - B0 = Gifp - (v - BT, (9

t = to/[8 + 2v(l-v)NL?] . (10)

A solution to eq. (9) for r - fa = 0 at t = 0 (the start of the unloading process
at constant dlnp/dt - -10% g-1) {s

r - B = (Gp/p)tell - exp(-t/te)] . (11)

Therefore, for small t¢, there is a rapid initial readjustment of r - gy which
gives a sudden increase in dyy/dt, eq. (5), and a corresponding drop in C, eq. (4).
Similar results are obtained for pinned loops /1/.

For B~ 100% Pa s, L/b ~ 10%, and b?N - 10°%, ve have to -~ 42 ns and tc ~ 1.5 ns.
This very short characteristic time is responsible for rapid drop in C neer ¢« =
0.17 as shown in figure 4. For B - 10! Pa s, L/b - 500, and b?N ~ 10°¢, we have
to ~ 4000 ne and te ~ 400 ns: the response time is greatly extended and a rapid
decrease in C due to anelasticity does not occur.

4.- Discusslion

The anelastic release-wave behavior in shock-compressed solids can be explained in
terms of straight dislocation pile-ups and pinned dislocation loops which are
created in the shock-loading process. As the applied shear stress is reduced,
reverse plestic flow occurs immediately, thus reducing the longitudinal modulus and
hence the unloading wave speed.

The calculational results shown in figure 3 suggest that pinned loops are respons-
ible for anelastic release from the shock-compressed state of 20.7 GPa in 6061-T6
aluninum. The multivalued functional dependence shown at the left in figure 3 {s
an artifact resulting from the constant (1/p)d;/dt assumption. Such behavior is
physically imposgible - we cannot have two different values of strain arrive at a
measurement location at the same time (that is, with the same wave propagation
speed). In the actual dynamic fiow prucess, (l1/p)dp/dt would change as necessary
to conserve mass and momentum, and this would have the effect of re-establishing
monotonicity in the wave speed. This might be expected to produce considerable
structure in the anelastic unloading wave. Nothing of this kind is seen in the
original interface dati /2/, so we become suspicious of the straight dislocation
pile-up as the micromechanical basis for anelastic release in 6061-76 aluminum.

Another important point is the significant difference between theory =nd experiment
below & volume strain of 0.15: figure 3. This i{s the fully plastic (pdy/dp = 1)
unloading wave which occurs when r s - re (=-3rp) as determined by Asay and
Chhsbildas /2/: ro = 0.2 GPa at a shock pressure of 20.7 GPa. 1f a significant
amount of work hardening were occurring, the dashed lines of figure 3 in the fully
plastic region would he even higher. Because ve have such good equation-of-state
dats for this material, this variation is difficult to understand. Ve expect it
may have to do with some aspect of the data analysis in going from the original
interfacial particle velocity wmeasurement to the wave-speed representation of
figure 3.

For viscous dreg coefficients on the order of ., - 10°% Pa s, the characteristic
time for reedjustment. of the internal stress can be ~ 1 ns. This has the effect of
reducing the effective longitudinal elastic modulus of unloading and gives rise to
potential problems of interpretation in using unloading-wvave data from which to
infer elastic modul{ in the shock-compressed state. This does not seem to be the
csse for 6061-T6é aluminum shocked to 20.7 GPa /2/, however, and the data suggest
B~ 10" Pas.



The fact that B ~ 10°! Pa s is approximately two orders of magnitude greater than
that for pure aluminum under uncompressed, room-temperature conditions 1is an
unusual and unexpected result. We can estimate the increase in drag coefficient
from the results of Clifton, Gilat, and Li /4/, Lalbfried /5/, and Hirth and Lothe
/6/. Under the assumption that b? scales as po/p we find

B/Bo = (T/To)(6o/6) /%(p/00) /8 | 12)

with To = 300 K, T = 590 K, Go = 27.6 GPa, G = 67.0 GPa, and p/po = 0.83, we obtain
B/Bo = 1.57. Ve should thus expect B to be increased somewhat in relation to the
anbient value, but not hy two orders of magnitude. This remains a subject of
investigation.

The recognition that internal stresses can result in measureable reverse plastic
deformation immediately upon release from the shock compressed state explains the
long-standing observation of why metals do not exhibit ideal elastic-plastic
unloading. VWe are not only able to answer this question, but are able to use
unloading-wave profiles to extract additional micromechanical information
concerning conditions in the shocked state.

REFERENCES

/1/ JOHNSON, J.N., LOMDAHL, P.S., and WILLS, J.M., submitted to Acta Metall.
(1991).

/2/ ASAY, J.R. and CHHABILDAS, L.C., in Shock Waves and High Strain Rate Phencuena
in Metals, Plenum Press, NY (1981) 417,

/3/ KUMAR, A., HAUSER, F.E., and DORN, J.E., Acta Metall. 16 (1968) 1189.

/4/ CLIFTON, R.J., GILAT, A., and LI, C.-H., in Material Behavior Under High
Stress and Ultrahigh Luading Rates, Plenum Press, NY (1983) 1.

/5/ LEIBFRIED, G., Z. Phys. 127 (1950) 344,

/6/ HIRTH, J.P. and LOTHE, J., Theory of Dislocations, McGraw-Hill Book Cc., NY
(1968) 195.

0



