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Introduction

Systematic shock rccovcry cxprl-iments, in which microstructu~al
and mechanical !>ropcrry Cffccrs arc characterized
quantitatively, constitute an Lrnportant tool to investigate the
I:csponsc of matcL’lAls [.c shock-wave deformzl-ion. The
micro-mechanisms of shock dcfo~rnatlon arc beginning to emerge
thr(JUqh studies of the cftccts of variations of metallurgical
and shock- loadinq pd[clmct~?rs on structure property
relationships. (1) Consid(!l.in(J thc! parameters of shock
deformation studied to date, ~m,~k pressure, and to a lesser
extent pulse duration, aL(>qcncrdlly agreed to be the major
parameters influencing post-shock mechanical behavior through
rhc development and cxtcnr. ot dislocations, stacking faults,
twins, and point acfccts( l). Ln hiqh stacking fault energy FCC
lIl[?tcils,SIJC~l ELS coppcL-, cxtcnsivc research has shown that as
t}1(2p(!ak pr-cssurc 1s incrcdscd, the dislocation density
inc-lc!ase%~ind the (Jbsurvcd di:;l.watlon cel~ size decreases. (2)
The 0CCULc2nce 0! deif]r-m,~tic>rltwinning is also seen to increase
w~.th })lC!SSUL(J. (~) ‘i’hc?(?x~ct inf’lucnce of pulse duration on
!+UhSt L_LJCtlJL’(> dc-velopmvnt ,~rldmechanical response, however, has
r]r.)tcic~incd :1s(?l.i-(:onsist(?nt wt.tern in the literature.[3-8)
!11 cJ(!rl(2L(ll, t11(? Ct f(?(:[ of Pulse duration has been
f{l.],::litr.itiv(?ly(!xpl(llncd II!; ](?latcd to the time interval
ttv(ii,l~~bl(?fol (ii:;loc:,~t.1()[1~(’()]-q(lnization. Consistent with this
1rltiorld!, (:(?li Wfllls d! (? [)t):;(!lV(2d to bccomc better defined as
Iil(’ 1)11 .1s(! ciu~{it Lorl i:; lnc~c?~iscd.(3) The concepts c)f
i.(:ol.(~t~r)i.::ati~~ll;lowcvur, whl(:lldr(? post.ulatcd to encompass a
L(?C(3VC’~y C)L-SttCSS L(!],tx,l[lc]n [?v(~n~, during the pulse duration
time int.crval is (Iilcctly oplx)sitc to experimental observations
of’{171 incrcasc lrl !~(~rdn(?:;~,lnd,—_..__.-.._ yield strength with pUIS(?
durati~n. Twin density is al.susocn to increase with Incrcasinq
pulse duration, (!%pl.i+incd by a t.hrcshold time
twlrlnirlq.

nccdcd for
[)vcril]. 1., Ihcsc c?xperirncntalobscrvati.ons present. an

l[l(’lJrl~l”\lol]f; l)l(~t’1~1.’!2 ()! tlI(T PULS[>duration stage of the shock
~)l”ocf ‘!;:; t hl.lt i:; ttlf?r;nod,yr~{lmit:tilly considered tO be j ,,
“st(?ddy-stat(’e({uil,ihrium”.(9)
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corrcspc:ldlng m~’chanical th~-cshold srt-esses(lO) as a fur]ction
of applied shock -.:aveparameters.

Experimental Proccdurc—— -..

Oxygen-free-elect.ronic :OFE) cnppe]”was sclcctcd for this study
since its shock-deformation behavior has been extensively
studied. Spcclmcns for the shock recovery experiments were
machined from a~-rcccived starting plate and rccxyst.allizcd in
vacuum at 600 C for onc hour yielding an equiaxea grain
structure of nominally 40 p.m.Shock recovery experiments were
performed utilizing a 40-mm single-stage gas gun. The specimen
shock assembly consisted of a 4.76 mm thick, 12rnm diameter
sample tightly t~t:l.nqinto a similarl-f sized bored recess in
chc inner momentum rinq/spall. platc(25.4rnm diameter). This
central cylin(icl i,s .int~rn surrounded by two concentric
momentum trapping rings with outside diameters of 31.7 and
44.5mm. The sample surface was protcctcd from impact and the
entire sample irom spdllation by a close-fittiny cover plate
(2.54mm) and Span plate support(12mm) , respectively. All
sample assembly components WCL-P mddC! Of copper to ensure
~mpcdancc matchinq duling shock-loading.

Copper samp!rs were shocked to pressures of 5,10,and 20 GPa for
pulse dul-ations of i).L t.o 2.0 usec by impacting vario~ls
thickness cof~pr~ !ly(’1”pldt(!s with the specimen assembly in
vacuum. Sampl(’s W(-.](l“soft“ rccovcred to minimize residual
pldstic st~alrl l)y(i(’(:rlelr~tinqthe sample/inner momentum ring
in a wat.cr (:Lltcll~:]l~~mb{~~posit.ioncd irrrmediatcly behind the
impL~ct al-c(~.Al 1 01 the shock-loaded samples invcstiqated in
this :;tudy ‘A(>1(* :+lloch.-l(?(.:(>v(~rcdpossessing fixed residual
pla.stlc stlflillsof i~,s~ t.hiin (]r equal to L.5
~omp~cssi(Jn \;])(’(~llllf?IIS

percent.
W(?1(’ (?.l(!ctro-discharge

from t.hc~:c?cc~v(?Led
machined (EDM]

,;_+lock-lo:~dcds~mple and reloaded at.a strain
Kate (Jt ().[)()1’) with ,1 s(?rcw-dr~vcn mechanical ~Csting
machine. Two specim(!llsw(’I(?rcluadcd at roam tcrnpcraturc (297K)
and two W(!r’cI’(?lo(l(i[?d,111iquid nlt.rogcn temperature (76K).
!5amplcs tor ~)l)ti(:llI ,~tdtI“ctnsmissionelectron microscopy (TEM )
were sect-iorl(?df~OIi~ tt](> pi(?ccsof the shock deformed disc which
remained ~l!.t:.crth(: (:(]mprcssionspccimcns were removed. Discs
3rnm in diam(:t(!]w(!r-(!punched
of 25’},H kJ()

findclcctropciishcd in a solution
,Ird‘;’)’!,1[)(1at.()c ut-llizing t)current density of

HO mA/mmd. ‘1( I):;(’rv,ltion’”of t})(?foils was macic~ usi.nqeither a
Philips II()(J,11 l#!o Kv or” rl ,Jttut, i!OUOEX at ;)~~KV llt~iizing
qoniomct (’1-ti1t :;t,i(l(?s.



PC ak p~cssurc or pulse dul-atlon. The intercept at zero
Lcrnperat.urcin this plot qivcs the mechanical threshold stress
tlormalized by the shc~r modulus while the S1OPC iS inversely
L_cldted to the normalized activazlon energy. (10) Increasing the
peak pressure from 5 GPa, lUSCC to 10 GPa,O.lMsec and 10 GPa,
lUSCC shows an Increase in the yield strength at both
temperatures, with a similar siope to the data. Changing the
pulse du~ation from 1 to 2 vsec at 10 GPa is observed to
significantly increase the yicid strength response of
shock-recovcrcd copper dt a steeper slope compared to the 1
usec data. Further incrcasinq! the peak pressure to 20 GPa for
al Bscc pulse duration produces a sample possessing the
highest yield response of the shock parameter matrix tested,
the slope of the data bcincj similar to the 2 usec 10 GPa shock.
Fiqurc 2 presents thc I-oom-trmpcrature compressive true
st.r-css-~rucstrain data for the 10 GPa shocks as a function of
pulse duration. The quasi-static stress-strain curve of the
dnncalcd scarring copper is lncludcd ior comparison. Simililar
to Figure 1, the yield strength of shock-loaded copper is
observed to incrcasc WLttl increasing pulse duration.
Additionally, the work-har(icnin,~Iatc is seen co systematically
decrease with lncrcasinq pulse ulll-atlon.
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Figure 2:True stress-true
strdin plot showing effect
or pulse duration.

~lcctron microscopic examination of t.hc shock-loaded copper
samples rcvcal(?d that,t.hcdislocation substructure is dependent
on ttlC shock-w,~v{> partlmentfirs.Figures 3 thru 8 present TEM
mic~-oq~aphs (.~11 [110] zone ,ixis) characteristic of thc
deformation substructure of sllock-loaded copper as a function
of peak pl”Cs:;UL’C!an(i pu 1SC? dl[~ati.on. Consistent with the
liter-at(lr(:(l), in(:r(:asingt’hc!peak prCSSbL-e from 5 t.o10 to 20
GPil, at a c:onstant pulse>(iurat.~un,is observed to incrcasc thn
overall disloci~t,l,ondensity and ci(:crcascthe dislocation cell
.s1,7,(!. The obscrv(?(iCCII, sixes for t“hc5, 10, and 20 GPa, 1 Bsuc
!iho(:k:;W(?l.cappl”r)xtnldtc!ly (1.(1, ().4, Llnd 0.2 rcspcctivcly. [ n
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addition co 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;
difference in

however no significant
loop density as a function of shock-wave

parameter cou.Ld be readily ascertained. Changing the pulse
duration from 0.1 to 2 Msec is also seen to produce changes in
the deformation substructure, although not as drastically as
found with changes in peak pressure. Increasing the duration
from 0.1 to 1 LLsec produces more defined dislocation cell walls
in tk,esubstructure, 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 O.

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

Figure 5:TEM microglaph of
copper shock-lowiod to 10 GPa
1 )15(2C.



.Id(: ir 1011 :IL pld 1~,LI l:ltC11S(2 :;li~! bands and features resembling
mi 2 c)bards irl l“oi led ctnppc~(i i ) ,i[l(inickcl (12). Sclectcd area
diffrdcr ion dnalysis co~~ilm~?d
1111} pldnQS.

Figure 7:TEM mlcroql-aph of
copper shock-loaded to 20 GPa
L kLSCC.

iJ.i};CllSSic~n.-.—— ..-—.——.-

that the microbands occurred on

Fiqurc
copper
i usec

8:TEM micrograph of
shock-loaded to 20 GPa
showing twins.

“i’tle ].c?sidu,+l ‘::tl“llctll l”(?/]’I(l\>cITy relationships of metal.s
:;llhjc~ctcd t () !;llo(:k-k.lr I’J() dl?l:)~”rnatlonarc well known to differ
t Ic)m those fo~”m(:d (:IIL inq fil:,.lSL-StEltiC deformation, even when
ti(>rol:me(l t 0 t] i (~tl(~l IIl,lc:l (lm%(~oi)j:: st rains. Peak shock pressure in
(1:(’{:ulI-(?nt !;t Il(il,’p:”o(ill(:(!(i,1 .:(’iiulardislocation substructure
().(~ILIII ill (i i,m(!t (?t , tlom L “: :;i~d shock, compared to a 0.6 to
I).() Iun C’(!I 1 :-.[”1’1,:[”(11(?.Secn in copper following
~:ol(!-lollirl(l[L]]. il”,(:~”(:,l:;in(~:l?upeak pressure from 5 up to 20
(li)(l I.L; ohs(!~v(?(”i t (; ti(?(; I.(!. i:; (l ~.f](? (dislocation cell size, related
(i) !111 ill(:] (I,is(:(l (ii :; 1()(:, II i(:ll ,1(.!nsity,and increase tnc yield
:;[r(!n(l[h (:oll!+l:;t(lrlt wlri? previous studies(l). ‘1’hcsc
(.)b!+(!r”vrlt10[1s.11(’w(?!1 ~i(x:lml(’rl[(:ciAnd consistent with the fact
that inctr~~sinll:;ho.-:k I~L”css{:l.”cleads to enhanced dislocation
.stc)L-acJcds ii rvsul.r 01” iflc:r”(?ii:i~d dislocation generation to
,.i(:rwnnv>d LI t f.’ t 11(: Lr)cl (?11s(?(1 ~.r,~nsi.ent S hock strain wi. t h
ir](:l(?il:; l rlu 1)1I1:+:;III(!. 111 ril(’ [)lf’:;cnt investigation, incrcasinq
[11(*[)(?,lkI.11(l:; :11 II (S I I(jm ]() 1() ,!() (;P,I is additionally observed tc)
!111(!1 t tl(’ :;il)~~f, (;I Itl(? f~j(,~{i :;[rcngthdata sugvgcstincj th(?
,l~:liorl (II ,Irl ,I(lf.ilt l~)tl,tl :;t 1[’tl(lt llr!rlin(,~ mcchalisim, 13ascd upon ‘1’EM
t)i J$; (i]”! ’,lt If]ll:;f it i:; t Ilot](ll)t
IIl,irl,ir :;II]I,01

Illrlt{!].tk:c: a2foLmat.lon twi.nninq,
II)(*illt(’l(l(”tI(]rl1)1 (!’sl.ocationswith

1’)()])!’
v,lc:(ln~:y

Illlly,1(”(’l~lllltfr)l!]11:;“11,111,111.

“]’11,,(J11(-f:t f)! 1,111:;(*!illr.11 Il)rl 011 I(?S i(iil,~I (Ii:;loc.11]t)rl
::lll):;t rllr’tllrf’ .Irl(t Im’f=ll.irll’. I] r (S:;lw)rl:;(? tum.~lns II ]1001”Iy
Ilrlfl(tr !;li*f)Il :;t ,Ii[f, I)! t t){’ ::tl,~l’i.]111){:(’:;:;.‘1’11(?t(}c?hlll.r[ll(?rlr)r”r[lrli l.~
III i I i:;f~[l, ,Irl,l II:;II(I lrl ItIi:; ;r II,~ICIt to VtlIy Iml!;(! (1111,11 ion 11!



symmetrical impacts is to vary the flyer plate thickness, with
thicker flyc~ plates increasing the duration. This metho.i
however, also has a direct effecc on the release rate by
spreading the rarefaction out over time. If this decrease in
rarefdction rate were indeed significant and pulse duration
assumed to nave no influence, then increasing the duration
might be expected to reduce the dislocation density and yield
response due to a lower strain rate on release. This is
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
che strain rates are highest in this stage of the shock process
which according to recent analysis would lead to rapid
dislocation generation rates. However, it is 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 high
stacking fault energy metals is associated with bundling of
dislocations into tangles, and subsequent development of these
tangics 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 ceils. In
fatigue, hardening is associated with Stage II unidirectio~al
deformation of a single crystal, and the eventual plateau in
the flow St,rcss, termed “saturation” . If one extends the
~JaYallcl bctwc~n fatigue and shock loading to dislocation
fcrmat,ion mcchanisrns, a possible explanation of the effect of
pulse duration on subsequent substructural and mechanical
response may be postulated. During the shock rise to peak
pressure, dislocations are generated, multiply, and tangle. To
accommodate the applied plastic strain dislocations links bow
out and shuttle across relatively free zones t.obe captured,
and partially annihilated in opposing dislocation dense areas.
As the strain is reversed during rarefaction, the links bow in
reversed fashion. The pulse duration stage may then be.
considered to influcncc the amount of reversibility of slip by
ci.anginq the! time available for rearrangement or stress
relaxation to iowcr thc overall free energy. Such
~corganizatic>n to rcducc iocal anisotropies in the stress may
bc the L’CSlllt of postulated 1 to 2 kbar fluctuations in t.hc
peak pL’CSSU~C during the PUJSC! duration. This Cdn

cffccti.vnj.y lock-in some of the dislocation debris reducing the
dmount u f (:asy rcvcrsc flow thereby nccccssitating Inorc
ciislacation generation to accommodate rarcfaction rclcasc. If
Cr)rr-cct,’, incrcaslnq the amount of rearrangement time, C.g.
pulse (iu~ation, should r(~sult in an incrcascd dislocation
density r(!slllti,nq in a dccrcasl,d cell size and incrcasc in
yi,c.ld:~trcnqtl). ‘1’hcrcsul.ts of this study, and some [)t.hcr
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~revlous studies(4,5) support these concepts. The question then
remains if shock experiments(1) in the 2 to 6 usec duration
range display a leveling off effect due to an equilibrium in
the rearranqement 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 various metals
and alloys. Further experimental shock-recovery work in
collaboration with real-time VISAR experiments are needed to
add~ess these points.

Conclusions

Based upon a study of rhc independent variation of peak
pressure and pulse duration upon the shock loading response of
OFE copper, the followinq conclusions can be drawn: 1)
Increasing peak pressure or puise duration was found to
decrease the observed dislocation cell size and increase the
yield strength. 2)The influcncc 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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