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SUMMARY

The effects of driver plete thickness and

shock-loading temperature on the shock

wave response of nickel were investigated;
driver plate. thicknesses of 3.18, 6.36 and
25.44 mm and temperatures of 77 and 300 K
were used at ¢ constant pressure of 15.7 GFa.
Calculations conducted for the three driver
plate thicknesses showed that the acceleration
histories of the three piates are different;
consequently, different stand-off distances
were used (5, 10 end 20 mm for the 3.18,
6.36 and 25.44 mm plates respectively). Post-
xplosion observation by transmission elec-
tron microscopy showed that the low temper-
ature events exhibited cell structures that
were less well developed than the ambient
temperature events. All six events exhibited
work softening; the ambient temperature
events showed a very slight amount of
recovery, as evidenced by the tensile curves.
The high pulse duration events (for the 25.44
mm driver plate) exhibited larger cell sizes, at
both 77 K and ambient temperature, than did
the lower pulse duration events. This is
attributed to a substantial deviation from uni-
&xial strain conditions for the experimental
fystem. It is therefore recommended that
lurther experiments in the high pulse duration
'm‘ge use experimental set-ups where the
<!eral system dimensions are approprzately

scaled up to propztzate a uniaxial strain
configuration.

1. INTRODUCTION

As in any deformation procéss, there are
certain number of parameters that affect the
residual mechanical properties and substrue- -
ture of shock-loaded materials. These can be

‘classified into material parameters (grain size,
. substructure) and external parameters (temp-

erature, peak pressure, puise duraticn, rare-
faction rate, planarity of wave, orientation of
wave). Of the external parameters, peak pres-
sure was the first parameter to be recognized

- _ as important, by Rinehart and Pearson [1],

for example. Appleton and Waddington {2}
and later Champion and Rohde [3] pointed
out the importance of pulse duration. Further
investigations [4 - 13] have confirmed the
effect of this parameter. While Appleton and
Waddington [2], Champion and Rohde [3]
and Marsh and Mikkola [11] investigated the
effect of pulse durations up to values of
around 3 us, Murr and coworkers [5 - 10]
explored the pulse duration range above 0.5
us (up to 14 us [7]). In this paper we de-

-scribe and discuss the results of an investiga-

tive effort made in order to attempt to

- understand the effect of pulse durations
. l:}étter. We realize that the rarefaction rate was
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not constant for the three pulse durations
used in this investigation. However, it would
have been impossible to find a set of three
different metals that would provide a
constant rarefaction rate for such a wide
variation in pulse durations (1.3 - 10.6 us).

‘The experiments were conducted in such a

way that we could determine whether param-
eters other than pulse duration could pos-
sibly be affecting the results. The main effects
studied were the substructure recovery at high
pulse durations and the driver plate velocity.

1.1. Substructure recovery at high pulse .
durations
The nominal residual temperatures after

‘the shock waves can be calculated by assum-
ing that the metal has a hydrodynamic . - .
Tesponse. It is not known, however, to what

extent these calculations are accurate. There
are, to our knowledge, only three reports of
experimental measurements {13 - 15].
Assuming a hydrodynamic response the )
calculations -yield the residual temperature
Iises as a function of only the peak pressure.
For example, the ambient temperature 25
GPa events conducted by Murr and coworkers
[S - 8] are associated with the nominal
residual temperatures of [16] 329 K for

- AISI 304 stainless steel, 419 K for aluminum,
341 K for copper and 348 K for niokel; these
. temperatures are hardly capable of inducing

ref-ove*y in these materiais. However, since

the energy input is higher for large durations; -

it is possible that higher residual temneratuzes
might be generated, especially if the response
of the metal deviates substantiaily from that

predicted by the hydrodynamic hypecthesis. . . .-
- Large deviations for the attenuation rates- - -

from the rates calculated using the hydro- -
dynamic assumpticn were in fact found by
Rempel et al. [17] and by Erkman and .
Christensen [18].

1.2. Driver plate velocity

No velocity probes or pressure gauges were
used in this investigation. Consequently the
explosive charges were obtained from calcula-
tions involving the Gurney equation [19, 20]
and impedance matching, according to Orava
and Wittman [21]. However, these calcula-
tions only predict a steady state driver plate
velocity. They do not account for the fact

_that the thicker driver plates have a higher

" inertia and therefore an acceleration history

which is different from thaf, of the thinner

‘plates, even if the terminal steady state

velocity is the same.

Accordingly, the experiments were designed
to test the two effects mentioned above.
Firstly, the possible effects of substructure
recovery were verified by conducting events
under identical pressure and pulse durations
but at two widely different temperatures:
77 K and ambient temperature. Any recovery,
if present for the ambient temperature events,
would certainly be entirely inhibited if the
impact were conducted at 77 K. Secondly,
driver plate acceleration to its steady state
velocity was assumed by allowing increasing

~ driver plate—cover plate separations (stand-off
- distances) with increasing driver plate thick-

nesses and associated pulse durations. A
calculation procedure for obtaining stand-off
distances is prasented.

2. EXPERIMENTAL PROCEDURE

Shock loading was accémplished by

- accelerating explosively driven copper plates

onto the samples; a mousetrap-type explosive
assembly was used and the-samples were
protected by a cover plate, lateral momentum
traps, and an anvil and spall plate on the -

‘lower-surface. The details are given elsewhere

[221, and only the features not described in
ref. 22 are presented here. In each system,
five nickel (with an average grain size of
55 um as determined by the linear intercept
method) and two 304 stainless stes! strips
were positioned side by side, the nicke! strips
at the center and the stainless steel strips at
the edges. ,

Six different events, all at the same pres-
sure of 15.7 GPa, were conducted. Three
events (of pulse durations 1.3, 2.6 and 10.6
us) were conducted at room temperature and
three events at 77 K. Because of the slight dif-
ferences in shock impedance between nickel
and stainless steel, some internal reflections
were unavoidable. However, the amphtude of
these reflections did not exceed 1.26 GPa
(the difference between the pressure
generated in nickel and in stainless steel).
Table 1 shows the various parameters of the

" shock-loading events. Both pulse durations

and rarefaction rates were calculated (for
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TABLE 1

Parameters in shock-loading experiments
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Parameter Pulse duration

1.3 us 2.6 us 10.6 us
Pressure, Ni (GPa) 15.7 15.7 15.7
Pressure, 304 stainless steel (GPa) 14.8 148 14.8
Terminal driver plate veiocity (mm us™1) 728 728 728
Driver plate thickness (mm) 6.36 25,44
Calculated stand-off distance (mm) 4.2 17.0
Experimental stand-off distance (mm) 10 20
Explosive thickness (mm) 16.6 70.4
me/mg . 0.34 0.34
Rarefaction rate (GPa us 1) —51.0 —32.8 —10.3
Temperature (K) 717, 300 77, 300 77,300
Pulse width (mm) . 2.8 53.3
Transient temperature rise (K) [23] 41 41 41

34 34 34

Residual temperature rise (K) [23]

hickel) using equations given by Orava and

Wittman [20]. It can be seen that the rarefac-
tion rate is markedly dependent on pulse
duration. It varied from —51.0 GPa us™ for

1.28 pus to —10.3 GPa us™* for 10.64 us. The

experimental set-up used for the 77 K events
is shown in Fig. 1. A similar technique has
been used previously by Rose and Berger
[24]. The system and cover plate were
inserted in a plastic bag. The plastic bag was
filled with nitrogen gas and was flushed three

times; the main purpose of the nitrogen atmo- -

sphere was to avoid the formation of ice

-_crystals on the driver and cover plate surfaces

when they were cocled to liquid nitrogen
temperature (7
introduced into the Styrofoam containerand
was added until boiling was reduced to a min-

- imum. The explosive charge (line and plane

NITROGEN
GAS

: - BAG

/1 \ \
STAND SYSTEM DRIVER
OFF PLATE

TO WATER

Fig. 1. Experimental set-up used for the 77 K events,

7 K). Liquid nitrogen was then -

wave generators) was placed on top of the :
bag; the small layer of plastic was not
expected to have an appreciable influence on
the driver plate velocity. =~ '

For transmission electron microscopy using
a JEOL-100 B electron microscope operated
at 100 kV, 3 mm discs were obtained parailel
to the surface of the sheets. They were cut

from the cefitral portion of the sheets by

spark erosion and planing in a Servomet SMD

.apparatus and were thinned by conventional

techniques. The samples were kept at 273 K
prior to use to avoid post-explosion recovery

3. RESULTS

3.1. Stand-off distance . - - - .. -
The Gurney eguation [19, 20] which is
commonly used to obtain the terminal driver
plate velocity, has been successfully compared -
with experimental determinations -using
switch pins [21]. However, these experiments
were conducted for lower driver plate thick-
nesses (up to 4 mm). One of the deficiencies
of the Gurney equation is that it does not
take into consideration the acceleration of the
driver plate from its initial. position. The
terminal velocity of the plate is obtained by
equating the chemical energy of the explosive
to the kinetic energy of the plate. To take
into account the drag effect of the air, the
usual assumption is that the steady state
velocity of the driver plate is equal to 95% of
the terminal velocity. The only work, to cur
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knowledge, that deals with the acceleration of
projectiles to their terminal velocity is the
paper by Aziz et al. [25]. F& the conditions
used in the present investigation (p = 15.7
GPa in nickel) the Gumey formula predicts

the following ratio r of the explosive mass m,
to the plate mass m; per unit area:

me
r=—=0.341
oMy

Since Aziz et al. [25] only made computa-
tions for values of r between 1 and 10 (higher_
explosive-to-driver ratios) an extrapolation .
was required. This was done by a cross-plot
using ref. 24, Fig. 4; the result is shown in
Fig. 2. The broken portions of the curves are

extrapolated values. The ordinates express the

ratio of the driver plate velocity U to the
terminal driver plate velocity Uy. The various

.curves apply to different scaled time intervals

(Dt/L where D is the detonation velocity, ¢ is
the time and L is the expiosive charge thick-
ness) after the start of the driver plate
motion. For r = 0.341 we obtain the curve
shown in Fig. 3 in which the scaled time is
plotted against the ratio U/U;. For the three
experiments conducted in the present inves-

. tigation, r was maintained constant and both

the thickness of the driver plate and of the ex-
plosive were varied. Figure 4 shows a plot of

- the driver plate velocity against time. The

scaled time and velocity ratios of Fig. 3 were
appropriately changed. It is immediately

o] 5 10
MASS OF EXPLOSIVE

" " “MASS OF DRIVER PLATE

Fig. 2. Plots of the scaled driver plate velocity against
the ratio of explosive to the driver plate mass for
various values of scaled time Dt/L (where D is the
detonation velocity, ¢ is the time and L is the
explosive charge thickness) after the start of driver
plate motion. (Adapted from Aziz et al. [25].)

‘5

DRIVER PLATE VELOCITY
TERMINAL. DRIVER PLATE VELOCITY
[}

[¢)

I

o

1o 20 3.0
SCALED TIME Dt/L AFTER START OF DRIVER MOTION
Fig. 3. Plot of the scaled driver plate velocity against
the scaled time after the start of driver plate motion
for r = 0.341 (this is the ratio for the shock-loading
geometry used in the experiments). :
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Fig. 4. Plots of the driver plate velocity against time
for three different driver piate thicknesses. The areas -
under the curves provide the required distances. -

obvious that, the thicker the explosive and

driver plate (at a constant r), the longer it
takesforthe driver plate to accelerate to its
rminal velecity. The fact that the plate is
accelerating in air undoubtedly reduces its
velocity scmewhat. It was therefore assumed
that the steady state velocity is equal to 95%
of the terminal velocity. Figure 4 shows the
times required to reach this steady state
velocity (766 m s™!); they are 3.6, 6.6 and
27 us for the 1.3, 2.6 and 10.6 us duration
events respectively. The areas under these

_curves provide the distances required for the

driver plate to be accelerated to this velocity.
The distances required are equal to 2.2, 4.2
and 17.0 mm respectively. These are the
calculated stand-off distances. It is not known
to what extent these calculations are accurate.
However, they show that a proportionality
exists between the driver plate thickness (and
consequently the pulse duration) and the
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stand-off distance. Accordingly the stand-off

distances used were 5, 10 and 20 mm for the
1.3, 2.6 and 10.6 us events respectively.

It should be pointed out that the calcula-
tions by Aziz et al. [25] were done fory =3
(where v is the adiabatic expansion coeffi-
cient of the gaseous detonation products -
[18]) whereas the value for Detasheet C, and
its Brazilian equivalent Plastex P, should be
2.70 [18]. However, this difference is not
expected to have a significant effect on the
results.

8.2, Microstructure

The substructures of nickel shock loaded at
300K (1.3and 10.6 ys)and 77K (1.3 and
10.6 us) are shown in Figs. 5 and 6 respective-
ly. They are composed, for all conditions,
mainly of dislocation arrays. Mechanical -

twinning was very infrequent for the ambient ..
‘temperature events and somewhat more

; 7
& f ‘%:""’f-’-"f’}"éa':f{;. S
by

v

r“‘ "'.\'5-’.! ’V:L'"$

(b) -

"Fig. 5. Transmission electron micrographs of ‘nickel

illustrating typical substructures of 300 K events:
(a) 1.3 us; (b) 10.6 us.

LIt e T 14T

Fig. 6. Transmission electron micrographs of nickel

" fllustrating typical substructures of 77 K events:

(a) 1.3 ps;(b) 10.6 ps.

-frequent (although only occasional) for the -
* T7 K events. This was to be expected for the
“ambient temperature events because the pres-

sure was maintained below the threshold for
twinning reported by Nolder and Thomas

[26] (85 GPa). = -+ :
‘However, there were some noticeable dif-

_ ferences in the cell morphology and size. The
_cell structure of the ambient temperature

events was quite well defined, as can be seen
from Fig. 5. In contrast, the 77 K events
exhibited a more poorly defined cell structure
(Fig. 6) and the substructure was rather
variable. Figure 6 does not show the rather
variable substructure; areas with no defined
cell structure coexisted with regions where
cell formation could be observed. At 1.3 us
(Fig. 6(a)) a strong alignment of the cell walls
along (111) planes was often observed. This
alignment was no longer present for the 77 K. -
10.6 us event (Fig. 6(b)). The average cell
sizes as measured by the linear intercept
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method are given in Table 2. The 10.6 us
events show cells between 60% and 90% larger
than the 1.3 us events. For the 77 K event
(both 1.3 and 10.6 us) cell size measurement
was somewhat difficult because in many areas
there was no clear-cut distinction between the
cell interior and the cell walls.

TABLE 2
Cell sizes of shock-loaded nickel

Shock-loading parameter Cell size
Temperature Pulse duration (km)
(K) (k)
300 1.3 0.40
300 10.6 ' 0.66

77 v 13 0.36
. . ... 10.8 o G.65

3.3. Mechanical behavior ,

Figure 7 shows the hardness (Rockwell B)
of shock-loaded nickel for the three pulse
durations. The hardnesses definitely do not

‘show a tendency to drop at the higher pulse

duration. If there is any tendency at all, the
change is towards a higher hardness. There
does not seem to be a significant difference in
hardness between the 77 and 300 K events.
~ The effects of shock-loading pulse duration
nd temperature on the ambient temperature

tensile response of nickei are shown in Fig. 8. =

These curves present a unique feature in that
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Fig. 7. Hardness of nickel after shock loading for
shock-loading temperatures of 77 K (©) and 300 K
(2).
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Fig. 8. Plots of ambient temperature engineering

stress against engineering strain for (a) 1.3, (b) 2.6
and (c) 10.6 us events: —, ambient temperature

events;- .-, 77 K events.

there is nearly coincidence between yield and
ultimate stress. This behavior has been
ascribed to the inherent instability of the
shock-loading substructure under conven-
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tionally applied loads; it is known as work
softening and has been analyzed elsewhere
[22]. (The pressure and pulse durations are
incorrectly stated in ref. 22. An error was
made in the Gurney equation; the real density
for Detasheet C-2 was taken as 2 g in™2. Only
71% of the mass is actual explosive, the
balance being a binder. Therefore the correct
density should be 1.42 gin~2.) The yield and
ultimate stresses of the 77 K events seem to
be slightly higher than those of the 300 K
events, for all durations; the curves have

otherwise very similar shapes. The curves for

the lower temperature events seem to exhibit

.more pronounced “ultimate drops”.(drops in

stress immediately after the ultimate tensile
stress is reached). Work softening seems to be*

~ slightly more prevalent in the 77 K events.

Other specific features brought out by the .

- tensile curves of Fig."8, and masked by the
- hardness measurements, are the increases in
. . yield and ultimate tensile stresses with
- .increasing pulse duration, with a concomitant

decrease in total elongation.

4. DISCUSSION

We shall first discuss the two effects de-
scribed in Sections 1.1 and 1.2; then an at-
tempt to rationalize the microstructural and

* mechanical results will be made.

4.1. Substructure recbvery'at high pulse
‘Gurations

Both the cell sizes (the same cell sizes for
the same duration, at 77 and 300 K) and the
tensile and hardness data rule out the

- recovery hypothesis. If recovery was substan-
- tial, and since it would be inhibited in the
» 77 K events, these events should exhibit

residual properties which are substantially dif-
ferent from those of the 300 K events. The
cell sizes of the 10.6 us events are essentially
the same. The hardnesses are very similar. The
tensile curves of the 77 K events show a
slightly more pronounced work softening;
however, for the three pulse durations the 77
K events show a consistent difference.

4.2, Driver plate velocity -

The calculations based pn Aziz et al’s
[25] treatment of accelerating projectiles
show that the driver plate—system separation

e o0 0140

is important. If insufficient, the impact

"~ ' " velocity, and consequently the pressure, are

below the predictions from the Gurnegy equa-
tion and Rankine—Hugoniot calculations. The
stand-off distances were accordingly increased
for the higher pulse duration experiments;
they were 5, 10 and 20 mm for the 1.3, 2.6
and 10.6 us events respectively. In spite of this,
the hardness of the higher pulse duration
events was not higher than that for the lower
duration events. This is in accoid with the
recent conclusions reached by Murr and
Kuhlmann-Wilsdorf [9].

- 4.8. Less well-defined cells at 77 K for the

1.3 us events _

The fact that there are less well-defined
cells at 77 K for the 1.3 us events indicates
that some rearrangement of the dislocations

" takes place during the application of the peak
- pressure pulse, and this rearrangement is ,
inhibited for the 77 K event. Murr and Kuhl- - - -

mann-Wilsdorf [9] recently found that the - :
cells become more well defined with increas-
ing pulse duration. For the 77 K events the
transient temperature is still very low (see
‘Table 1) and it is thought that thermal activa-
tion is not sufficient for substantial rearrange-
ment. Therefore the substructure is probably
very close to the substructure originally gen-
erated.

The tensile results depicted in Fig. 8 agree

with the substructural observations. The 77 K

events show consistently a more pronounced

work softening than the ambient temperature
events do. This would be the case if the 77T K
samples had a more uniformly distributed

dislocation substructure, because more dis-
b

‘location motion would be regquired before the

substructure was transformed into the sub-
structure stable for conventional deformation
conditions at ambient temperature.

4.4. Larger cells for the 10.6 us events at both -
77and 300 K

Murr and Kuhlmann-Wilsdorf’s [9] observa-
tions on residual substructures of shock-
loaded nickel predict a dislocation density
and cell size independent of the pulse
duration. However, this was not the case in
the present investigation, as can be seen in
Figs. 5 and 6 and in Table 2. The reason for
the larger cells for the 10.6 us duration events

- is thought to be connected with the geometry
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TABLE 3

Reduction in thickness of nickel and AISI 304 stainless steel

Sample width/pulse width

in Table 3 show that at higher pulse durations -~ -
_the conditions of uniaxial strain required for .. .
“shock waves were relaxed; this is especially . -

the case for the 10.6 us-ambient témperature

- event for nickel. The reduction in thickness

was 20.7%. It is instructive to calculate the

~_transient strain introduced by the shock wave
- and to compare it with the residual strain-— - -
The effective strain is the best measure of

overall deformation undergone by a material.
From the Hugoniot curve for nickel we obtain
the ratio of the compressed specific volume to "~ -

the initial specific volume: V/Vo = 0.234

(2]

91/ ’
3 —e3)? + (3 — &)’}

"Since €5 = €3 = 0, the effectlve strain ¢} at '

e* =

J— \2 =
{{e; — €)% + (e,

. the front is given by. -

- 0.046

m_(%,;)

The total strain generatéd by shock ldading

_.is under ideal conditions the sum of the ... -

strains introduced at the shock front and at
the rarefaction portion of the wave. Assuming
them to be equal, we have a total strain of

es = 2¢7 = 0.091

The effectiire strain e; corresponding to

- the residual deformation found in the sample

is given by the same expression. Since the
volume remained constant and assuming that
the lateral strains €, and €3 are equal, we have

Pulse duration Temperature Reduction in thickness (%) i

(1) (K) Ni 304 stainless steel (mm mm™)
1.28 77 0.5 0 101.6/6.3
1.28 300 0.9 0 101.6/6.3
2.61 77 2.3 1.4 101.6/12.8
2.81 300 2.3 0 101.6/12.8

10.64 77 12.9 4.6 101.6/53.3

10.64 - 300 20.7 5.5 101.6/53.3

of the shock-loading assembly, as will become 26y + €1 =

clear from the discussion that follows. Table 3 .

) . X . : €1 In(—0.207 + 1)
shows the reductions in thickness undergone €p=eg=——=— =—0.116
by nickel and AISI 304 stainless steel samples 2 2
due to the passage of shock waves. These
reductions are higher for the ambient temper-. . and
-ature events and higher durations. The results - ", 1 o - B

€: =0.1728

‘The residual effective strain e} is higher

- than the transient shock effective strain €.

Residual strains are typically generated by
stress waves that operate under a state of uni-
axial stress. The state of strain introduced by
shock loading produced by normal waves is,
by its very nature, a state of uniaxial strain.
Certain geometric criteria have to be satisfied
for its accomplishment: no lateral flow of

‘matter can take place. The important ratio is
“the ratio of the pulse width to the lateral

dimensions of the specimens. Ifthe lateral

- dimensions of the specimen are small with

respect to the pulse width, the state will be
one of uniaxial stress. This state is obtained

- in Hopkinsen bars {29]. A truly uniaxial
-strain 'state will result in no dimensicnal
..change; deviation from this state will induce

progressive changes in the residual dimen-

- sions. This was observed in the shock-loaded .

samples and is shown in Table 3. The reduc-
tions in thickness of the samples were
measured. It can clearly be seen that, as the
pulse duration increases, so does the reduc-
tion in thickness. For nickel this reduction

‘increased from zero to around 20%. For AISI

304 stainless steel (which has a higher initial
strength) it went from zero to a maximum of
5.5%. Similar results have been reported by
Mantaroshin et al. [4]. This shows that the
experimental assembly used is not appropriate
for higher pulse durations. The ratios of the
sample width (101.6 mm) to the pulse width
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are shown in Table 3. For the 10.6 us dura-
tion this ratio is approximately 2. The reduc-
tions in thickness indicate that it is excessive.
Therefore superimposed on the uniaxial strain
imrurted by shock loading (at both the shock
and che rarefaction part of the wave) there is
a uniaxial stress component resulting in

" plastic deformation (reduction in thickness).

When the medium is bound, as in the Hopkin-
son bar [28], impacts generate a uniaxial
stress configuration. It can therefore be

concluded that the deformation undergone by

the 10.6 us nickel samples is intermediate be-

~.tween uniaxial stress and uniaxial strain.

Hence we cannot speak in a strict sense of shock

-waves. Rather, we must use the term “plastic

waves’ [28]. There have been very few at-

- tempts to correlate the two [29]. For the
~ case under discussion (nickel at 10.6 us) we
" probably have a hybrid situation. - . -

' 5. CONCLUSIONS

" (a) Calculations were performed which
show that the driver plate—system separation

. prior to shock loading has to be adjusted to
“allow the driver plate to accelerate to its

steady state velocity. The separation should
increase with driver plate thickness.
(b} It is shown that the extent of recovery

undergone by shock loading nickel at a pres- -
- sure of 15.7 GPa and with pulse durations of

1.3, 2.6 and 10.6 us is smail. This was
established by conducting experiments at
ambient temperature and 77 K and obtainin

- similar hardnesses, ambient temperature
tensile curves and cell sizes. The limited =~~~

racovery can be seen by the slightly more

pronounced work softemng exhibited by the
samples shockloaded at 77 K and by the less

distinct cell formation for these samples.
(c) The dislocation substructure exhibited

" by the samples shock loaded at 77 K and

1.3 us is characterized by a uniform distribu-
tion of dislocations aligned in {111} planes.

Cell formation is incipient. This dislocation

substructure should be the one that most
resembles the substructure ongmally
generated by shock loading.

(d) The appreciable residual deformatxons

“undergone by nickel at the 10.6 us duration

events (a reduction in thickness of 12.9% for
the 77 K event and a reduction in thickness of

L . R - . ’2'7";:*,..':.
. B .

T L1

20.7% for the ambient temperature event)
suggest that the plastic wave traversing the
metal deviates considerably from am ideal
shock wave. It is suggested that this deviation
which transforms the shock wave into a
plastic wave is responsible for the larger cell
sizes at the high pulse duration events. The
only solution to this problem is a scale-up of
the system in order to maintain the uniaxial
strain state.
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