COMPRESSION AND RAREFACTION WAVES IN
SHOCK-COMPRESSED METALS
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The behavior of duralumin and copper is studied under conditions of specimen loading by two
successive shock waves and during unloading after the shock compression. The amplitude of
the first shock wave was 150-250 kbar. Direct measurements were performed of the differ-
ence in main stresses behind the shock front in duralumin. The results obtained do not agree
with existing concepts of the behavior of solids under dynamic loading. Possible causes of
this divergence are considered.

According to existing concepts [1-3] the stressed state of metals behind a shock front corresponds to
the yield point at a given pressure. Under further compression the material should behave in an especially
plastic manner, with the velocity of weak compression waves determined by the volume speed of sound. In
the unloading wave there should appear an elastic precursor with amplitude exceeding the dynamic limit of
elasticity at fixed pressure by a factor of two. This study will offer an experimental investigation of repeti-
tive shock compression and viscoelastic unloading of duralumin D16 and copper M2.

1. Discontinuous Metal Loading

In the experiments on repetitive compression, specimen loading was performed by collision of an
aluminum plate (10 mm thick), driven by an explosive apparatus [4] to a velocity of 2.3 = 0.1 km /sec. At the
moment of collision the plane area had a diameter of 62 + 2 mm, and the shock wave was introduced into the
specimen through a Plexiglas screen 6-8 mm thick. Since the dynamic rigidity of the Plexiglas is signifi-
cantly lower than that of the striker and specimen, multiple reflection of the shock wave occurs in the screen
from the boundaries with the striker and specimen, as a result of which the compression wave in the speci-
men initially has a stepped pressure profile. Using manganin sensors [5], the pressure profile in the speci-
men at various distances from the screen was recorded. Thickness of sensors, including insulating films,
was 0.10-0.12 mm, initial resistance 2-2.5 Q, and sensitive element area ~7x 7 mm?. Signals were recorded
with a bridge circuit, with a sensor current of 8 A. The pressure behind the first shock front in duralumin
was 181 +5 kbar; in copper, 255 + 7 kbar. The second compression wave amplitudes were 19.5+ 2 and 53 + 3
kbar, respectively. The sensors were located between specimen plates in a slit whose plane was perpendicu-
lar to the direction of compression, i.e., rather than pressure in the specimen, stress in the direction of
compression ox was measured.

Two series of experiments were performed with this configuration of the equipment. In the first series
simultaneous recordings were made of two complete profiles ox(t) using a two-trace oscilloscope and two
sensors located at some (known) distance from each other along the specimen axis. Figure la shows the os-
cillogram of one experiment of this series, in which the stress profiles were recorded at distances h = 4
and 12 mm from the screen. The arrows on the oscillogram denote passage of the second compression wave
front through the sensors. From the elapsed time between these points and the known distance between sen-
sors the velocity of the second compression wave front was calculated. Corrections were made for nonper-
pendicularity of the oscilloscope beam deviation axes and the thickness of the sensor insulation. The circle
in the first profile indicates a pressure flare caused by reflection from the screen of the unloading wave,
appearing in the specimen after exit of the shock front into the first sensor insulation. This reflected pres-
sure pulse makes it impossible to record the front of the second compression wave at small distances from
the screen.
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Fig. 1

In the first series, three experiments were performed for duralumin, copper, and industrial aluminum
AD1. The Lagrangian velocities of the second wave front for the aluminum and copper alloys were 9.8 + 0.2;
6.65 = 0.1 km/ sec, respectively, which correspond to the longitudinal velocity of sound in the shock-com-
pressed material [6], within the limits of measurement error. The second shock-wave velocity, calculated
with the assumption of identical shock adiabats for single and double compression, proves to be significantly
less than that measured, i.e., it may be considered estabhshed that with successive compression the second
wave has an elastic precursor.

For a detailed study of the profile ox(t) in the second wave, experiments were performed with a more
rapid oscilloscope sweep rate. Balance of the bridge containing the manganin sensor and oscilloscope gain
were adjusted so that only the second wave was displayed, but with greater resolution in both time and am-
plitude. Figure 1b shows an oscillogram from the second series of experiments, in which recordings were
made of a D16 specimen at a distance of 12 mm from the screen. The stress profiles for the second wave
obtained from oscillogram processing are shown in Fig. 2a, b, The initial and final stresses were taken as
the average values over a series of experiments. The time error in the profiles shown is estimated at + 0.01
usec, without consideration of systemic error due to sensor inertia, which is determined by insulation thick-
ness. The fall of the first wave front in all experiments did not exceed 0.1 ysec. The second wave profile
showed even qualitative variation if the striker surface proved to be curved instead of plane at the moment
of impact. Convexness or concavity of the striker and shock front appear on the oscillograms as an increase
or decrease in the recorded signal level. Thus, for further processing only those oscillograms were taken in
which no curvature of the "shelf' after the first stress change was observed. Figure 2a shows profiles
averaged over 2-3 experiments with duralumin specimens for hy =0, h, =6, and h; =12 mm (curves 1-3),
while Fig. 2b shows data for experiments with copper and hy =4, h, =8, h; =12 mm (curves 1-3).

From the ox(t) profiles thus obtained the change of state in the second wave was calculated. The com-
plete stress jump was divided into eight equal segments. The change in degree of compression V/V, in each
segment was determined from the expression AV/V, = Acx/ (poa ), where p, is the initial specimen density
and a; is the Lagrangian velocity of propagation of the average stress level for a given interval. The values
ai were determined from the profiles presented in Fig. 2 by use of the formula 1/4j = 1/a; + A7/Ah, where
a] is the Lagrangian velocity of the second wave front; A his the initial coordinate difference between neigh-
boring sensors; A7 is the difference in time intervals between the moment of passage of the second wave
front through the sensor and the moment of reaching a given level oy in the two neighboring sensors.

Figure 3 shows the deviation of stress in the second compression wave from the original shock adiabat
as a function of the degree of compression for duralumin and copper (curves 1 and 2). The shock adiabats
were used in the form D= (5.34 + 1.36u), km/ sec for duralumin [6, 7], and D = (3.96 + 1.5u), km /sec [7]
for copper. As is evident from Fig. 3, all states in the second wave lie above the shock adiabat of the original
material. According to classic gasdynamics [1] the final state behind the second wave front (given its sta-
tionary character) should be described on the gx — V diagram of a point located below the shock adiabat of
the original material. In the experiments performed here stability of the second compression wave was not
attained. Preliminary specimen loading was achieved by a shock wave with rectangular pressure profile.

We will consider the character of the second wave in the case of a falling profile o4 (t) behind the
first shock front. Figure lc shows an experiment in which loading of a D16 specimen was achieved by a con-
tact charge of TNT with density 1.58 g/ em®, 80 mm in diameter, and 40 mm high through a copper screen
4 mm thick, The charge was detonated by an explosive lens. The first stress sensor was located between the
copper screen and the sample, the second at a distance of 10 mm from the screen, The amplitude ofthefirst
shock wave falls from 169 to 140 kbar over the distance between sensors, while the stress before the second wave
front (denoted by arrows onthe oscillogram) is 105-110kbar, The Lagrangian velocity of the second wave front in
this experiment was 8.15 + 0.1 km/sec. The longitudinal Lagrangian velocity of sound at a pressure of 105
kbar is 8.3 km/ sec, while volume velocity is 7.05 km/ sec, i.e., the measured velocity of the second wave
front in this experiment approaches the longitudinal speed of sound. Stress rise time for the second wave
increases over the intersensor distance from 0.20 to 0.28 psec.
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2. Elastoplastic Unloading of Metals

In the experiments, recording the rarefaction wave specimen loading was done with a striker made of
Plexiglas at a velocity of 3.2 = 0.1 km/sec, with a plane central section 83 = 2 mm. Plexiglas was chosen for
the striker material because the profile of the rarefaction wave caused by reflection of the shock wave from
the back surface has no singularities. This permits a direct qualitative comparison of experimental profiles
of ox(t) within the specimen without preliminary processing and analysis. Shock-wave amplitude in duralu-
min was 160 = 5, in copper, 215 = 7 kbar. Three electrocontact sensors were installed in a 35-mm-diameter
circlie on the free surface of the specimen for control of curvature and measurement of shock front velocity.
The sensors were connected in parallel to a capacitor discharge circuit through resistances of 100-150 Q.
The second oscilloscope channel recorded capacitor discharge current upon closure of the contact sensors,
Only those oscillograms in which time delay between curvature sensor switch-ons was less than 0.1 usec
were processed further.

Figure 4a-c shows oscillograms with recording at a distance of 10 mm from the collision surface in
copper, duralumin, and (for comparison) industrial aluminum AD1. All oscillograms clearly show an elastic
precursor, but we can speak of an elastic wave of finite amplitude only in duralumin.

In processing the experimental oscillograms, consideration was made of hysteresis in the dependence
of manganin sensor resistance on pressure. The residual sensor resistance change (hysteresis) found in re-
cording unloading waves from the free specimen surface was 5-6% of the total amplitude. The relationship
between resistance change and the quantity oy in unloading was taken as linear.

Figure 5 presents Lagrangian velocity of propagation aq of fixed stress values as a function of the
quantity oy for duralumin and copper (curves 1 and 2). Sensors were located 4-15 mm from the collision
surface. The error in determination of a; does not exceed +2%. The dependence of a5 on coordinate does
not exceed the limits of measurement error. Also shown are the Lagrangian volume velocity of sound as a
function of pressure (dashed lines), calculated from the formula a(c% + 4bp/ p0)1/ 2, assuming coincidence of
shock adiabats and isentropy of unloading, in coordinates p, u [6] for duralumin and copper (curves 3 and 4).
Here ¢ and b are coefficients of the linear expression for shock adiabat D = ¢; + bu; p; is the initial spec-
imen density. Figure 3 shows the deviation of the unloading curve from the shock adiabat for duralumin and
copper (curves 3 and 4). The unloading curves are located below the shock adiabat, which agrees with the
viscoplastic model {2, 3].

3. Difference in Major Stresses behind the Shock Front.

The relative positions of unloading and secondary compression curves with respect to the shock adiabat
do not correspond with accepted concepts of the process of deformation in a shock wave. Thus, additional ex-
periments were undertaken to determine the difference in major stresses behind the shock front. In these
experiments two mutually perpendicular slits were made in the specimen and filled with insulating material.
Within the slits at an identical distance from the collision surface (8 mm) manganin sensors were installed.
The sensors had all-shapedform, with the sensitive element in the crossbar region. After multiple reflec-
tions in the slit oriented perpendicular to the compression direction, there is established a pressure behind
the shock front equal to the stress ox in perpendicular directions. Recording was done so as to simultane-
ously measure signals from both sensors and directly determine the difference in sensor indications [5].
Specimen loading was by collision of an aluminum plate 10 mm in diameter at a velocity of 1.85 + 0.1 km/ sec.

The experiments revealed that it was difficult to ensure sufficient reliability in the indications of the
oy sensor, evidently because of flow instability in the slit perpendicular to the shock front and filled with a
material with dynamic rigidity differing from the specimen, Thus, no reliable result was obtained for copper,
For duralumin the measured stress difference behind a shock front with amplitude 170 kbar was found to bhe
ox~0y = 1.0+0.5 kbar, This result is averaged over three experiments with sensor insulation being com-
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posed of a set of mica plates 0.10-0.15 mm thick and Lavsan films 0.02 mm thick directly at the sensors.
The total thickness of sensor and insulation was 0.25-0.35 mm.

4, Evaluation of Results

The results obtained diverge from accepted concepts of metal behavior in a shock wave in three ways:
1) for successive shock compression the second wave has an elastic precursor; 2) the final state of the
material for successive compression is described by a point located above the original shock adiabat; 3) the
unloading curve deviation from the shock adiabat, which for an elastoplastic material should be equal to
(4/3) (ox — cry) [2], reaches 5-6 kbar for duralumm, i.e., is much more than expected from the measured
stress difference (0.7-2.0 kbar).

It is most probable that this divergence is related to the relaxation character of high-speed deforma-
tion. Successive compression peculiarities similar to those found in the present study have been observed
at lower deformation rates. Thus, in a study of elastoplastic wave propagation in aluminum, copper, and
brass wires transformed to the plastic state beforehand by shock, it was found that the front of the second
(before load) impulse propagates with the velocity of elastic waves [8]. A quantitative description of stress
relaxation under real conditions of shock compression (in principle) may be obtained with use of the elasto-
viscous medium model considered in [9].

A second possible reason for the differences from the results expected in the elastoplastic model could
be a difference in deformation mechanisms in the front of a strong shock wave and weak waves. An estimate
of the maximum shear stress value in a shock front 7,5 [10], made from the deviation of a wave ray ox =
peD? (1 = V/V,) from the shock adiabat, gives a result for duralumin at a shock-wave amplitude of 160 kbar
Tmax = 11.2 kbar, and at 181 kbar 7,55 = 14.4 kbar; for copper at 215 kbar 7y ax = 13.9 and at 255 kbar
Tmax = 18.8 kbar. Estimating the theoretical strength as 1/30 of the shear modulus, considering the depen-
dence of the latter on pressure, using data of [6], gives a value of 10.5 kbar for duralumin and 16 kbar for
copper; i.e., the shear stresses in the shock front are comparable to or exceed the theoretical shear strength
of the material. Thus, it is not excluded that at the shock front there occurs a dislocationless supercritical
shear [10], while in unloading waves and secondary compression deformation follows a dislocation mechanism
and is accompanied by hardening.

In cormnection with this we note that an estimate of the stressed state behind the front of the first shock
wave from the deviations of stress from the shock adiabat after secondary compression (Ao, = 2.5 kbar) and
in the unloading wave after change of the degree of compression by a value corresponding to the amplitude of
the second wave (Acg ~ 4.5 kbar) gives a value for duralumin of ox — oy = (3/4) (Aog — Av,) =~1.5 kbar,
which agrees satisfactorily with the results of direct measurement.

We will compare the form of elastoplastic wave profiles for materials in the original state and for
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shock-compressed materials. In Fig. 2a (curve 4) the profile of an elastoplastic compression wave in dura-
lumin at a distance of 12.5 mm from the collision surface is shown, constructed from data of [11]. Figure

2b (curve 4) is the profile of an elastoplastic compression wave with total amplitude of 50 kbar in high-purity
polycrystalline copper at a distance of 4.0 mm [12]. One can see the qualitative similarity of the profiles in
the original and shock-compressed states. For copper the elastic precursor has a triangular profile in the
compression wave in the unloaded specimen, as well as in the compression waves and unloading waves in the
shock-compressed material. For duralumin the elastic precursor shows a discontinuity followed by a rela-
tively smooth change of stress both in compression of the unloaded specimen and in unloading after shock
compression. The relatively low slope of the recorded secondary compression wave front apparently is de-
termined by the inertia of the technique used.

In conclusion, the authors thank G. A. Savel'ev for his aid in the preparation and performance of the
experiments.
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