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Introduction

Systematic shock recovery cxperiments, 1n which microstructural

and mechanical pDroperty ctfecres are characterized
quantitatively, constitute an i1mportant tool to investigate the
response  of materlals e shock-wave deformerion. The

micro-mechanisms of shock decformation are beginning to emerge
through studies of the cffects of variations of metallurgical
and shock- loarding parametors on structure,property
relationships.(1) Considering the parameters of shock
deformation studied to date, peak pressure, and to a lesser
extent pulse duration, arc generally agreed to be the major
parameters 1nfluencing post-shock mechanical behavior through
the development and eoxtent ot dislocations, stacking faults,
twins, and point defects(l). In high stacking fault energy FCC
metals, such as  copper, cxtensive research has shown that as
the peak pressure 1s  increased, the dislocation density
increases and the observed dislocation cell size decreases.(2)
The occurence ot detormation twinning is also seen to increase
with pressutre.(2) The exact intluence of pulse duration on
substructure development and mechanical response, however, has
not detined a selt-consistent pattern in the literature.(3-8)
'n  goenetal, the ctfoct ot pulse duration has becn
qualitatively oxplained as  reolated to the time interval
avallable ftor dislocation rcorganization. Consistent with this
tationa', ceoll walls are observed to become better defined as
the  pulse duration 15 1nereased. (3) The concepts of
reorganisation nowever, which are postulated to encompass a
tecovery or stress relaxation event, during the pulse duration
time interval is direcctly opposite to experimental observations
of an increase in hardness and  yield strength with pulse
duration. Twin density is also seen to increase with increasing
pulse duration, oxplained by a threshold time nceded for
twinning. Overall, these experimental observations present an
Ineongruous preture ot the pulse duration stage of the shock
process  that  is thoermodynamical ly considered to be in
"steady-state equilibrium".(9)

The obivct ol the prosent study was  to systematically
investigate the offect ot peak  pressure and in  particular,
pulse duration on the structure/property relationshlips ot OFE
copper . 'The  effect of  peak pressure  and pulse duration are
discussed  1n torm: ot substructure development and their
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correspending mechanical threshold srcresses(10) as a function
of applied shock-.;ave parameters.

Experimental Procedurc

Oxygen-frec-clectronic (OFE) copper was sclected tfor this study
since 1its shock-deformation behavior has becen extensively
studied. Specimens for the shock recovery experiments were
machined from ag-recceived starting plate and recrystallized in
vacuum at 600 C for one hour vyieldinyg an equiaxed grain
structure of nominally 40 wum. Shock recovery cxperiments were
performed utilizing a 40-mm single-stage gas gun. The specimen
shock assembly consisted of a 4.76 mm thick, 12mm diameter
sample tightly fitting into a similarly sized bored recess in
the inner momentum ring/spall plate(25.4mm diamcter). This
central cylinder 1s  inturn surrounded by two concentric
momentum trapplng tings with outside diameters of 31.7 and
44.5mm. The sample surfacc was protected from impact and the
centire sample from spallation by a close-fitting cover plate
(2.54mm) and spall plate support(l2mm), respectively. All
sample asscmbly components were made of copper to  ensure
1mpedance matching during shock-loading.

Copper samples were shocked to pressures of 5,10,and 20 GPa for
pulsc durations of $.1 to 2.0 usec by impacting various
thickness coppnr  tiyer plates with the specimen assembly in
vacuum. Samples  were "soft" recovered to minimize residual
plastic strain by decelerating the sample/inner momentum ring
in a water catch  ochamber positioned immediately behind the

impact arca. All of the shock-loaded samples investigated in
this study were  shock-recovered possessing fixed residual
plastic strains  of iess  than or equal to 1.3 percent.

Compression specimens  were  olectro-discharge machined (EDM)
from the recovered ghock-loaded sample and reloaded at a strain
ratec ot 0.001% 4 with a4 screw-driven mechanical testing
machine. Two specimens were reloaded at room temperature (297K)
and two wore reloaded at ligquid nitrogen temperaturce (76K).
samples tor optical and transmission clectron microscopy (TEM)
were sectioned from the picces of the shock deformed disc which
ramained atter the compression specimens were removed. Discs
Jmm in diametoer woere punched and clectropeciished in a solution
of 25% H, PO, and %L H,0 at 07C utilizing o currcnt density of
80 mA/mm”. Jhnurvutlnn“ of the toils was made using cither a
Philips 400 at 120KV or «a JEOL Z000EX at 200KV utiilzing
goniometer -t ilt Htagoes.

EXporiment al Rosults

The substructure and mechanical thresholds ot copper following
shock-loading was tound to depend on both the peak prLessure and
pulse duration of the shock. Figure | presents a4 normalized
plot ot tevlond vield stress vOersus tost temporature
L astrating the anerease in yield strength with  inareasing



peak pressurce or pulse duration. The intercept at zero
temperaturce in this plot gives the mechanical threshold stress
normalized by the shear modulus while the slope is inversely
rclated to the normalized activa<tion energy.(10) Increasing the
peak pressure from 5 GPa, lusec to 10 GPa,0.lusec and 10 GPa,
lusecc shows an i1ncrease in the vyield strength at both
temperatures, with a similar siope to the data. Changing the
pulse duration from 1 to 2 usec at 10 GPa is observed to
significantly incrcase the viecld strength response of
shock-recovered copper 4t a steeper slope compared to the 1
usec data. Further increcasing the peak pressure to 20 GPa for
a 1 wusec pulse duration producces a sample possessing the
highest yvield response of the shock parameter matrix tested,
the slope of the data being similar to the 2 usec 10 GPa shock.
Figure 2 presents the room-temperature compressive true
stress-true strain data for the 10 GPa shocks as a function of
pulse duration. The quasi-static stress-strain curve of the
anncaled starting copper is included for comparison. Simililar
to Figure 1, the yield strength of shock-loaded copper is
observed to increcasce with increcasing pulse duration.
Additionally, the work-hardecning rate is seen to systematically
decrease with 1ncreasing pulse auration.
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Figurc l:Normalized plot ot Figure 2:True stress-true
reload yiecld stress vs. toest strain plot showing effect
temperature. of pulse duration.

Elecctron microscopic examination of the shock-loaded copper
samples revealed that the dislocation substructure is dependent
on the shock-wave paramenters, Figures 3 thru 8 present TEM
micrographs (all (110] zonce axis) characteristic ot the
deformation substructure of shock-loaded copper as a function
of peak pressure and pulse duration. Consistent with the
literature(l), incrcasing the peak pressure from S to 10 to 20
GPa, at a constant pulsc duration, is observed to increase the
overall dislocation density and decrease the dislocation cell
sizce. The obseorved cell sizes tor the 5, 10, and 20 GPa, 1 uscc
shocks werle approximately 0.6, 0.4, and 0.2 respectively. In



addition to dislocation cells, shock-loading at 20 GPa produced
deformation twins and concentrated bands of planar slip.(Figure
8) Dislocation loops were also observed to be very numerous in
ali of the shock samples examined:; however no significant
difference 1in loop density as a rfunction of shock-wave
parameter could be recadily ascertained. Changing the pulse
duration from 0.1 to 2 usec 1s also seen to produce changes in
the deformation substructure, although not as drastically as
found with changes 1in peak pressure. Increasing the duration
from 0.1 to 1 usec produces more defined dislocation cell walls
in the substructure, and a corresponding decrease in cell size
from approximately 0.5 to 0.4 microns. Further increasing the
duration to 2 usec produced a poorly formed cellular
substructure, approximately 0.3 micron in diameter, with the

Figurc 3:TEM micrograph of Figure 4: TEM micrograph of
copper shock-loaded to 5 GPa copper shock-loaded to 10 GPa
1 usec. 0.1 usec.

Figure 5:TEM micrograph of Figure 6:TEM micrograph of
copper shock-loaded to 10 GPa copper shock-loaded to 10 GPa
1l usecc. 2usecc,



wdairion ot planar iatense  slip bands and features resembling
mi> obands 1n roiled copper(ii) dand nickel(l2). Sclocted arca
diffracrion analysis contitmed that the microbands occurred on
il1ll} planes.

Figure 7:TEM micrograph of figurc 8:TEM micrograph of
coppcr shock-loaded to 20 GPa copper shock-loaded to 20 GPa
l usecc. i usec showing twins.

biscussion

The 1esidual structure/property relationships of mectals
subjected to snock-wave  derormation are well known to differ
trom those formed «curling fquasi-static deformation, even when
doerormed to higher macroscopis strains. Peak shock pressure in
the current study produced o celiiular dislocation substructure
.0 um in diametor, trom . o GPa shock, compared to a 0.6 to
.9 lun cell strretur e suen in copper following
cold=r1ollinag(li). ircreasinag the pecak pressure from 5 up to 20
GPa 16 observed to decrease tne dislocation cell size, related
to an increased dislocation  Jdensity, and increase the vyield
strength constistent wilth vrevious studies(l). These
observations are wel]l documented and consistent with the fact
that increasing shosk  pressure lcads to enhanced dislocation
storage as 4 result ot increased dislocation generation to
decommodate  the LhC 0nsed transient  shock strain with
increatsing pressure. In the present investigation,  increasing
the peak presisure from 10 to Ju GPa is additionally observed to
arter the siope ot the vield strength data suggesting the
aetion of an additional strengthening mechansim. Based upon TEM
obgervations, it i thought  that eirthe: azformation twinning,
planar slip, ot the interaction of  dislocations with vacancy
Foape may aceount for this choanage.

Ther ol f ot ot puinoe duratton o rosidual dislocaton
substrucetare and mechante LeSponse  remdlns A poot ly
understood stage ot the shock process. The technigque  normaily
utilized, and wsed o this tiedy, to vary  pulse duration  in



symmetrical impacts 1s to vary the flyer plate thickness, with
thicker flyer plates increasing the duration. This methoa
however, also has a direct effect on the release rate by
spreading the rarefaction out over time. If this decrease 1in
rarefaction rate were indeed significant and pulse duration
assumed to have no influence, then increasing the duration
might be expeccted to reduce the dislocation density and vield
responsc due to a lower strain rate on release. This 1is
contrary however to experimental data.

The pulse duration is normally considered to be a time of
nearly constant stress following the plastic deformation that
occurred during the shock rise and before the tensile release.
In the literature to date, the '"bulk" of the deformation during
shock loading has been attributed to the shock rise and indeed
the straln rates are highest in this stage of the shock process
which according to recent analysis(l14) would lead to rapid
dislocation generation rates. However, it 1is important to
remember that equal amounts of plastic strain must be
accommodated during both the rise and release. In this regard
the shock process may be compared to a single fatigue cycle
with a dwell time representing the pulse duration. Similar to
high amplitude fatigue, hardening in shock loading of hich
stacking fault cnergy metals 1is associated with bundling of
dislocations into tangles, and subsequent development of these
tangles into walls of dislocations and finally cells.(15) In
both cases, the magnitude of the strain amplitude determines
the size, and to some extent, the nature of the cells. 1In
fatigue, hardening is associated with Stage II unidirectioral
deformation of a single crystal, and the eventual plateau in
the flow stress, termed ‘"saturaticn". If one extends the
parallel between fatigue and shock loading to dislocation
formation mechanisms, a possible explanation of the effect of
pulse duration on subsequent substructural and mechanical
responsc may be postulated. During the shock rise to peak
pressure, dislocations are generated, multiply, and tangle. To
accommodatce the applied plastic strailn dislocations links bow
out and shuttle across relatively free zones to be captured,
and partially annihilated in opposing dislocation dense arcas.
As the strain is reversed during rarefaction, the links bow in
rcversed fashion. The pulse duration stage may then Le
considered to influence the amount of reversibility of slip by
changing the time «vailable for rearrangement or stress
relaxation to lower the overall free cnerqy. Such
reorganization to reduce .0cal anisotropies in the stress may
be the result of postulated 1 to 2 kbar fluctuations in the
pcak pressure during the pulse duration.(16) This can
effectively lock-in some of the dislocation dekris reducing the
amount of casy reverse flow thereby neccessitating more
dislocation generation to accommodate rarefaction relecasc. If
correct, incrcasing the amount of rearrangement time, c.g.
pulse duration, should result in an increased dislocation
density resulting in a decreascd cell size and increasce in
yield stroength, The results of this study, and some other



nrevious studies(4,5) support these concepts. The question then
remains if shock ecxperiments(l) in the 2 to 6 usec duration
range display a leveling off effect due to an equilibrium in
the rearrangement time or some other mechanism. Due to the
dependency of dislocation multiplication mechanisms on crystal
structure and stacking fault energy it may be that pulse
duration effects may not be consistent between varicus metals
and alloys. Further experimental shock-recovery work in
collaboration with real-time VISAR experiments are needed to
address these points.

Conclusions

Based upon a study of rthe independent variation of peak
pressure and pulse duration upon the shock loading response of
OFE copper, the following conclusions can be drawn: 1)
Increasing peak pressure or puise duration was found to
decrease the observed dislocation cell size and increase the
vield strength. 2)The influence of pulse duration is attributed
to the influence of reorganization time on the amount of
dislocation generation during the rarefaction release.
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