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TNTRODUCTION

Shack recocery experiments provide 1 useful technique to inveatigate
*he responue of materlils to extreac condit {ons nf gsrraln rite, imposed
hydrostat {¢ pressure, aad 1emperature. Many  previous  Investigators of
defaraat lon sechanlumy Juring tle patda2e ol dhock wave s have chosen pure
10 met aly (uueh ag Ca oand N{)  for study cince these metals do not
urelergn aolld=4tate  phaae transfrtese and  ainee the quasi-atatic
mechmleal propert les and slerost ractaral deformat fon aechanlsas af these
wme-t 1l are pencrally well anderstoml,. Signfricmt findinga of -iome of
thede earllor (oyest et [ona hyve been reviewssd by Tealie! |, Mare . 1l
Mikkala aml Uright °. I s heepn well document ocd [a 170°C met 1la 1hat
ihowk wave detarat tem el o hilpgher hardhee i valies, | di«alocat (o
Aot Leangm 0™ mored  enerples” ad reat g feft fea’ thg sl -« gt e

aelormitfon ta The o Tequfvaleat ™ wtrain,
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In FCC metals that form distinct cell structures, the ccll size
resulting from shock-deformation 1is typically 1less thar that formed
quasi-staticallyz. One important difference noted between microstructures
formed by shock-deformation and those formed by quasi-static deformation
1s the increased coatribution of deformation twinning 1in the latter!,3,
The extent of deformation twinning increases with 1increasing sheck
pressure. Another microstructural difference between quasi-static and
shock-deformation 1s the observed 1increase {in the levels of vacancy
generation in shock-deformation; evidence for this has been reviewed by

Graham’.

Summarizing these previous studies of the shock-deformation hehavior
of Cu and Ni, one would conclude that at moderate shock pressures the
deformation mechanlsams involve dislocation multiplication and
dislocation/dislocation interactions similar to those processes that have
been documented at quasi-state straln rates. As the shock pressuve, and
thus the imposed strain rate, Ls increased deformation twinnlng becomen
increasingly important. The (nfluence cf the nbgarved {ncreased levels of

vacancy production on deformation mechanisms remains an open questlon.

Tn FCC metalsa the resistance that a didglocation experiences as  {t
moves along a pglide plane 1y {Vlusteated In Flg. 1.9 ™his rtpure shows
schematlically two obatacles separated by a distance AZ' These obatacles
could he forest dislocatlions, solute atoms or cven vacancy claaters.  The
obatacle wight {4 the mechanfcal throghold T, which represents the stress

that muat bhe applled {n the absence  of thermal activation to push a
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dislocation past the obstacle. At quasi-static strain rates thermal
activation asslsts the applied stress and allows dislocation motion at
stresses below T. Under dynamic conditions the applied stress may
actually exceed T; {n this case, the velocity of the dislocatfon as it
moves the distance XZ between obstacles becomes rate controlling. One
important consequence of the glide resistance profile for FCC metals shown
in Fig. 1 is that during transit bhetween obstacles the stregs driving the
dislocation velocity is essentially the applied stress. In other crystal
structures, a lattice friction or Peirel”s stress component may oppose the

applied stress.

The height and shape of the obstacle profile for the dominant
obstacle provide information on the nature of the deformed microstructure.
These quantities can be measured on recovered shock-deformed material
using the technique outlined previously?»:0, The purpose of this paper is
to further investigate shock wave deformatfon mechanlsms by measuring the
mer:hanical threshold, or threshold stress, on shock deformed material.
Oxygen-free-electronic (OFE) copper was selected for this study since its
shock-deformation behavior nas bheen extensively studled and since these
shock-deformation results complement oxtensive measurements!? at straln
rates up to 10" =1, Meamurements of the mechanfcal threshold, thelir
tmpllications regarding deformetion mechanlsms and correlation with the

microst ructure characterfzed with TEM are desertbed In this paper.



FEXPERIMENTAL

The OFE Cu was obtained 1in the form of 12.7 mm thick plate.
Specimens for the shock recovery experiment, to be detaliled below, werc
machined from this starting material and annealed at 600 C in vacuum for
one hour to yileld the desired recrystallized grain structure with equiaxed

grains of 4C um average dimension.

The shock recovery experiments were performed utilizing a 40 mm
single-stage gas gun. The specimen configuration used consisted of a 4.76
mm thick, 12 mm diameter tapered (10°) gample tightly fitting into two
concentric copper momentum trap rings with outside diameters of 25 mm and
42 mm (Fig. 2). The sample surface was protected from impact and the
entlre sample from spallaticn by a close-fitting copper cover plate (2.5
mm thick) and spall plate (12 mm thick), respectively. All specimen
assembly components were machined to a #32 or better finish and separated
by a thin layer of vacuum grease to c¢liminate "hot spots™ during the
shock-loading process. The taper, concentric momentum rings, and
component surface finish have becen found by previous design testing to
minimize converglng release wuve oflects resultlng In nearly pere unfaxial

loading and release with little restdual sample strafn.

The copper sample was shocked to 10 GPa for @ ps pula: duratlon by
lmpactlng a 2.26 mm thick copper flyer plate, fixed to a low-Impedance
Aluminum  honeycomb=f{lled projectile, at 518 m/s wlth the speclimen

asgembly o a vacaum (< 2 Pn). This shock pressure ffor copper translates
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into a transient strain of 0.0825 using the relation €g = 4/3 1n(v/vo).
Foliowing the removal of the shock-loaded specimen from a water-recovery
tank, four compression specimens were electron-discharge machined (EDM)
from the recovered disc. Thickness measurements following shock-loading
revealed a final sample thickness varying over the sample between 4.63 mm
and 4.70 mm compared to a pre-shot thickness of 4.7Z mm. The compression
specimens averazed 4.5 mm in length by 4.3 mm in diameter. It should be
emphasized that for these experiments no precautions were taken to
minimize recovery processes in the tine period between the
shock~deformation and the quasi-static reloading.

Tke reloading operation was performed at a strain rate of 0.0015 8!
with a screw-driven mechanical testing machine equipped with a specially
designed subpress which could be completely immersed in liquid nitrogen.
Two epecimens were reloaded at room temperature (297 K) while the

remalning two were reloaded at liquid nitrogen temperature (76 K).

Samples for optical metallography iand transmission electron
microscopy (TEM) were sectioned from the pleces of the shock-deformed disc
which remained after the compreasifon specimens were removed. Wafers for
TEM examination were I(nitially chemfcally thinned to 0.1 mm {n a solution
of 50% 1400, , 40% HNOy and 10Z HC1 at 25 C. Discs 3 mm In dfameter were
then punched and electropolished in a solutfon of 252 H1p04 and 752 1,0 at
0 ¢ utilizing a current density of 80 mA/mm’. Observatfon of the folls

wad made ualng a Phlllips 400 at 120 KV utillzlog a ponfometer-tilt stage.



RESULTS

Mechanical Threshold Measurements

The four stress strain curves for the reloads at 297 K and 76 K are
shown 1in Fig. 3. There 1is a hint of a yield drop for the 297 K curves,
which 1s not evident in the 76 K curves. These results are similar to
those reported by Appleton and Waddington using tensile reloads!l., The
yield points, determined by back-extrapolating the work hardening behavior
at strains to € = 0.10, tor t.: 297 K curves are 245 MPa and 249 Mta while

those for the 76 K curves are 307 MPa and 313 MPa.

The mechanical threshold 1s the yleld stress at 0 K, which we
determine hy extrapolation. The extrapclation procedure, which has been
described previouslygnlo, {s outlined below. For the quasi-static strain
rate of the reload experiments, the deformation is thermally activated and

can he represented by an equation of the form

£ = |£0 exp - —k—T- » (1)
. p bA

wvhere £, = —5—:3 (2)
My "1

and AG {s the actlvation energy. In Eq. 2, p_ 18 the moblle dislucation
deneity, b {s the Burgers vector, M {s the Taylor factor, and Vo [s the
attenpt frequency. When short range obatacles are rate controlling, the

actlivatlion energy can bhe approximatad hyt

AG = wblg {1 - ("-)":'} , %))
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wnere g 18 the normalized activation energy. The exponents 1/2 and 3/2

(V]

in Eq. 3 are chosen to represent the obstacle profile for short range

obstacles®B.

Extrapolation to O K requires that the temperature dependence of the
activation energy AG be added to the intrinsic temperature dependence (kT)
given by Eq. 3. Assuming that the temperature dependence of the
activation energy 1s equal to that of the shear modulus H,
AS(T) = u(T)bg

o» then the extrapolation to 0 K is given by combining and

rearranging Eqs. 3 and 1 to give

/2 7 (/2 € 273

Goy) = Gam) - (e ) )

If the normalization procedure with respect to temperature {s correct,
then a plot of (o/u(T))!/% versus (kT/u(T)b3)2/3 for the reload
experiments at constant straln rate but varylng temperature should yteld a
stralght 1line. The intercept at zero temperature in this plot gives the
mechanical threshold normalized by the shear modulus while the slope I
invergely related to the normalized activation cnergy. The data from the
reload experiments arc plotted on these coordinates in TFig. 4. Tncluded
In Fig. 4 are results obtalned previously!? at a straln of 0.10 and straln
rates of 0.00l4 87! 0.82 7! and 5000 s~!. These latter data Lnclude
reload experiments at ~200 K which glves data at three temperatures and
allows an evaluation of the normalization procedure deserlbed above  ag

well as of  the exponents chosen In Fq. 3. No tests at the Latermediate
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temperature could be performed on the shock recovered specimens due to the
iimitad number of samples. The values of the mechanical threshold
(referenced to 297 K) and the normalized free energy for the shock
recovered material are 1listed in Table 1 along with previously obtained
values for lower strain rates. The latter data are grouped into two
categories to show comparisons at uniform strain as well as at uniform

mechanical threshold.

Table 1. Measured Values of T and 8o

€ £ T (297 K) go
10 GPa Shock .0825 (10 GPa) 314 0.80%x102! Nt-m
Uniform .10 .00014 g~! 179 MPa 9.4
Strain .10 015 187 5.7
.10 .82 191 6.0
.10 81 204 1.9
.107 1800 218 6.8
.10 5000 228 3.3
.087 9500 212 4.8
Uniform .25 .82 309 2.07
Mechanical .25 81 323 1.88
Threshold .209 1800 309 2.08
211 5000 325 1.43

In the previous study, mechanical threshold values were obtained as a
function of etrain. By interpolating these results, we have plotted in
Fig. 5 the mechanical threshold values at a 3lngle straln of 0.0825, whlch
corresponcs to the trangsient plasti{c straln during the shock-deformation.
The actual straln rate for the 10 GPa shock {9 unknown and, 1In Ffact,
probably varles slgnificuntly between the loadlng and unloadlng portlons

of the wave. For Flg. 5 the straln rate during the shock 13 assumed to
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lie within the range 10° 57! to 10% g7!; the lower limit 1s set by the

translent strain divided by the pulse duration.

Substructure Observations

Optical and TEM micrographs of the 10 GPa shock—-deformed copper are
shown in Figs. 6 - 8. The micrographs reveal evidence of a highly
dislocated structure with a percentage of grains exhibiting fine parallel
markings (seen optically 4in Fig. 6) which TEM and selected-area
diffraction (SAD) analysis verify as deformation twins. The predominant
deformation substructural feature, that of dislocation cells, is
consistent with  numerous previous studies on shork-loading of
COPPefZ'L"IZ'13 at moderate pressures. Dislocation 1loops were also

obgerved within some cell interiors.

Depending upon orientation, grains were found to exhibit entirely
cellular dislocation, de.ormation twinned, or a mixed substructural
morphology. Additionally a small fraction of grains exhibited bands of
high dislocation density" lying on {111} planes; these may bte features
identified as microbands which have been observed in hearsily cold rolled

copperl®.



-10-

DISCUSSION

The mechanical threshold medsurements lead to several interesting
conclusions. The comparisons shown in Tahle 1 and Fig. 5 indicate that at
equivalent gtrain, the mechanical threshold increases dramatically in the
shock-deformation regime. In fact, as shown 1in Fig. 5, the increase
begins at strain rates closer to 103 s™!, The mechanical threshold 1is a
mechanical measure of structure, and for dislocation hardening alone the

mechanical threshold is related to the total dislocation density o by15
T = ubpl’/2 ., (5)

If the sole difference between the quasi-static daformation and
shock-deformation were in the rate of dislocation atorage, then from Eq. 5
and from the data Iin Table 1 the diglocation d=2nsity in a shock-deformed
sample should be approximately three times that in a sample
quasi-statically deformed to a strain of 0.10. While 1t 1s well
documented using measurements of resirtivitys, energy storages, and actual
dislocation counts in TEM foils® that the dislocation densities 1in
ghock~deformation exceed those in quasi-static deformation, the
experimental techniques for measuring the dislocation density are probably

not precise cenough to verify this factor of three estlmate.

The other comparison shown ILn Table 1 ls that of the normallzed
activation energy at constant threshold stress. The value for the
shock-deformed :aterial, By = 8.0x102% Nt-m, s roughly one-half the

values at the lower straln rates. Thls suggests that the obatacle In the
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former 1is s8lightly more rate sensitive than that in the latter.
Comparison of the values of g at the lower strain rates with those at the
higher sgtrain rates in Table 1 shows a general trend toward a decreasing
8,+ However, a fartor of two is small and, given that the estimate of g,
1s made from the glope of the fit in Fig. 4, the error in this estimate
may be large. For comparison, mechanical threshold measurements on a
solid solution hardened austenitic stainless steelll ylielded a normalized
activation energy equal to 0.5x102% Nt-m, which suggests that the small
differc¢nce noted 1in Table 1 between the shock hardened material and

material strained at lower straln rates 1s probably not significant.

Microscoplc characterization of the shock-deformed microstructure
tends to support the conclusions based on the mechanical threshold
measurements. The observed structure was heavily dislocated and contained
well developed cellular structures. At a shock pressure of 10 GPa, a few
grains deform solely by deformation twinning while In other grains both
twins and cellular dislocation structures are observed. It 1is unclear
what influence the twins have on the mechanical threshold measurements.
Since the increase in the dependence of the mechanical threshold on strain
rate begins at strain rates as low as 103 8”!, where deformatlon twinning
definitely has not been found, the observed twinning at 10 GPa probably

has not influenced the mechanical threshold measurements.

Although some observatlons of the shock-deformed mlcrostructure are
consistent with higher levels of vacancy production, this does not appear

to he a dominant feature. The mechanlical threshold measurements alao show
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no evidence of a drametically increased density of a second, more rate
sensitive, defecrt, which vacancy loops or clusters might be expected to

provide.

The conclusion based on the experimenis described here 1s that the
mechanical threshold measurements are consistent with wmeasurements
obtained at lower strain rates. The mechanical threshold of
shock-deformed copper exceeds that of quasi-statically and even
dynamically (e = 104 s~!) deformed copper. It appears as 1if the high
strain rates achleved during the shorck process lead te increased levels of
disloucation storage, which are consistent with trends noted at strain

rates exceedinp 107 g~1.

Measurem~nts of the mechanical threshold provide another tool with
which to study shock-deformation mechanisms. These expuriments should be
extended 1o other materials and to the [nvestigation of efferts of peak
pressure, pulse duratlon and rarefaction rate on the structure cvolutlon

during shock-deformation.
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Figure 1: Glide resistance profile showing the interaction
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Figure 6:

Figure /:

Flqure 8Bad:

Figure 8b:

Optical micrograph of shock-deformed copper showing twinned and
heavily dislocated (etch pits) structure.

Bright fleld electron micrograph of cellular dislocation substructure
in shock-loaded copper <2137 sone.

Bright field eloctron micrograph of deformation twin substructure in
shock-deformed copper,

Selected area electron diffraction patter of T'ig. 8a {1lustraténg
twin reflections tn <1102 sone,



