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THE VELOCITY OF SOUND BEHIND STRONG SHOCK WAVES IN 2024 Al"

R. G. MzQueen, J. N. Fritz and C. E. Morris

Los Alamos National Laboratory
Los Alamos, New Mexico 27545

Rarefaction waves were produced by impacting a target with a thin plate. An optical
technique waa usced to determine where the rarefaction from the back aurface of the

{mpactor overtonk the shock wave induced in

step wedge target. Bromoform was

placed on the front surface. Whean the shock reached th: liquid it radiated steadlly
until the rarefsetion from the Lmpactor overtakea it. The timea when this occurred
were used Lo determine where the rarefaction just: overtook the shock fn the tarpet,
and thus the sound velocity. The leading edge of this rarefaction wave travela at

longitudinal sound velocitr in solids.

This velocity increases smonthly with prea=-

sura untll shoek heat!ng causes the material to melt. The data indlcatae tl.it melring
on the Hugoniot of 2024 Al beglnm at about 125 GPa and is completed at 150 GPa.

INTRODUCTION

Probably one of the most {mportunt measure=-
menty that can be made on wshocked macerilals,
after itm basic Hugoniot has been measurcd, is
tr determline the velocity of sound at pree-
sure. ‘“There has been a continuing effort to
do this for many years with the first success
reparted by Al"tshuler et al. (1) in 1971. In
moat cxperiments the velocity ol sound Ls de=-
termined by measuring when or where the rare=-
faction wave from the back surfaca of an
tmpactor  overtakes  the  nhock-wave In a
targ=t plate. The VISAR (2) and ASM probe (73)
experiments allow variatlon of that basle je=
ometry by ohserving the reflections {n the
target through transparent windows or lusula-
tora. The nxperiments Adcueribed here are  of
tho shock=wave rarefacrion ovartake type using
aptical detectors to datermine wheore the ov-
artake occurnes (4) 2024 Al waw chowen for thins
work because {t has heen uned an a4 standacd
for cetermining the aquation=of-state for many
materiala. A battnr knowleage of 'tn  yleld
steength  and  Grinelsen parameter, V(dP/dH)v,
coul.]! be of consldecrable lmportance.

A thin platn wan a~celerated by oxploslve pro-
ducts which Impacted a targut plate Aeveral
times thicker. A dhoek waye propagaLen
through the target and hack through the (mpac-
te-.  The rarefactlon velocity to be detnrmin-
ed ocliglantes at the lHE=driver Intnrface, and
Lt propagates through the driver and the tar-
geL plate oventually overtaklng the ~huck wave
causfng Lt to  decay with fuvthar run. The .
rarefaction wave hefore {owetacttog with they
mhock front has been dencribed by Courant  and:
Fotedrteh (5) an o simple wave whose atated
cvan he deternined hy rayn called characterin-
tic eminating From the HE=drlver {nterface. A
nchomat{c of the syatem In ahown  in Flg. 1.
lore U“ s the shack  voloclty  and 07 the
Lagraaglan sovnd veloctty, whicn I8 rotatad to
the . 'l valoelty, ©, by the relat{on

Wk cweoported by the g ok,

c =ct

(ng/n) (n
Ignoring the dashed llnns (t can be seen (roam
the figure that the Lntersection of C* and Ly
in the target gives the location of the over-
take position. If R La the ratio of target to
driver thickneoss whare this occurm then

L - L]
cl = u 1)/ (R-1) =UGR (3]

Im order te reach higher pressures than are
ponnible with symmetrical Lapacrs, we used
Lron impacturs [or the experiments above 100
GPa. For an unaymmetrical {mpact experiment
the equatlon for calculating R pecomen

" .
1/RY, = 1=tp/RUp (LR /RY) M
Here tha UI's are shock velocitles Ln the tar=-

get, T, aud driver, D. R again {8 the .actunl
target to driver thickness ratio.

TARGET

i
N
2 L)

x(mm)
Flpure 1o An X=T Lapranglan plot showing  the

load  characioviatfen  and the time Intarval
moasurod at ench tarpet Lhicknean,



It wvas mentionad that the location of the
catch up wvas deternined by optical analyzers.
Thaese are indicated In tha figure. It can be
seen that when the shocks and rarefactiens
pass chese interfaces that the flov is modi-
fiad as indicated by the dashed lines. Howev-
ei the lead characteristic (s still linear
and the plot of the At’s (these are the length
of time the shock runs unpevturbed through the
analyzer) as a function of their position must
also be linear and the aextrapolation to Ac = 0
givea the location in the target whers catch
up occurd. Tha At’s for any level are deter-
mined 1independently from the others. In
principle two levels could suffice for thia
measurement, but usually flve or wo levels are
usad, and on a few occasions am many as ten
have been usecd. Some oacllloscope recorda
ohtained on a high pressuro experiment are
roproduced in Fig. 2. A plot of At va target
thicknesa 1e given in Fig. 3. Thia {9 a very
high quallty experiment. The results are
uaually not this good.

VY ANV .

Flgure &0 Reproduction uf four records

obtafned on a high prosgure swhot

For the amialyzera o uge matorfald that
vadtate ke a hlack hody whea nubjectod Lo
ntrong dhock waveds.  The halogen  carbonn  and
hydrocarbons aeem to poiness this property, an
well an quartz and -iome glannen. We have uand
bromofarm, Clilr,, in t“uuv oxpatrimonts hecaune
of {tu high, Z.A" ky/ii’y denalry, convenlenes
and radlativs  propertlex. The tarye

annnanl (on ol ly conmlated of a palr of atep
wedgen rach  with  tive different  thilckonens
leveln. The wedgen wore snelonaed In n
Plexiglan  hox which wasw fillog with Rromoform
at the fleing «ftes The econter of  each  atop
on  the wulyge wan  viewsdl through a4 amall
aperture =1 mm o Alametor, il a patr  of
hbatflon 2 mn {n diaweter, with a 0.6 m
dinmetor quact s Fihar loeatod 220 mm from the
dAportinre.
face of 231 type phatomultiptiern (M), which
ware  conneetsd  diree’ Ty to Toktronl e 454 ar
4K aacillaaconen,  The vollage
cult  den'gouod by Beek (b)) wan udnid. The
rocaording svatrma Wors  tanledd with
nnp,  and were Found to hnge fan timen Team |
ta 2 am. Oceasfonally thia type of piae e
wan  chnaryvemd on the  rocorda b 3 to o oan
woomoid to he more typieal,

Mpark

The Hight pipen ware mounted on the,

dfvidor otr-:
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Figure }. A plot of the ctarget thickness

vs. catch up times for one axperlmunt.

RESULTS

We have ubtalned data from 50 GPa to 1950 GPa.
One det of recnrds, reproduced (n Flg. 2,
ohtained nu a high pressure axparlment show
one relatively well derftned break. The uhock
ptessure In the 2024 Al for this expm tmant
wan 147 GPn and was sufficlontly high to melt
tha raterinl. At lower prossure the t{rsc
wave to overtaka the ahock fromt {8 due o the
Tongttudinal component, which {8 followed by a
bulk rarefactlon WaVH . The longltudtinal
rcluane umually caumon a wall deffined break (n
the records as ran be seen in Flg. 4. lNowev=
ar, there can be seen an addftional change In
alope when the rarefactlon teaveling at the
bulk sound volocity overtakes the mhock froat.
Thin Feature I8 not well detined. Our records
are alno complicated by the fact that the Bro--
moform caunen addit Llonal Interactionn. Howevs=

or a moanure of  the bhulk  valoclty can he

aobtatned from theme recordi. The results for

one experfment are shown  in Fige S Nome

atopliticarlon aceura (T the Tongitudinal com-

pment of the rarefacttoa (a allowsd to ddecay
ln the 20MM Al targst  rother than  in the
Rromotoim.

We have moanured the amplitwles of  the rela-

tive  radfation In the anperturhed nhiock Front
and where the  hulk  wave  appears. Although
Aomewhat wgh ject fye, afnee many of the rocordn
mhow conuiderahtes curvature where this occurns,
a veasnanbly good moasare of thia wan obtained
on an axparinont  sfenigned  to obasrye  thia
foature, Wo Tound Lhe 1atto of the amplitude
of the ralative light Intonnitien to he Lot
From knowladpe ol the radiat bon=prounnre
behavior of Nromotorm (hta tmpllies o decroans
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Figure 4. Reproduction of a record on oan ox-!
periment designed to weajure the bulk sound|
velocity as well as the longltudinal veloclny.l
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Figure 5. The overtake tlae L] tarpot
hicknens for the bu'k rarefactlon vava.

In presmure from 100 6GPa to 95 GPa.  Thia doen
not mean that the material has a5 6Pa yir Ld
ntrength. IT one amiuwen  that the ahocked
2024 Al {a on rhe ylold surface the daviazoric
ntresa  (n only ~15% GPa, However, whon using
theae data to compute  bulk  nound  veloceltfen
and  the value of the Griuelaen parameier che
pressure should he  raduced ~9% G2, and e
required  shock  veloctty roduced qcecardiaglv.
Thin han beon done for the few . xporfu mta
donignad to doterntne *he bulk nounmd veloetiy.
The data are snmmAriend (n Table T oand plotted
In Flgs b

Am agpocted the (irar wave arrival Jdava vieldn
wave wvoloclt{en that can be yltted with a
mmonth curve. Moot of the data are within a
percent  of  this  curve. Howoyer (hean e
polnt=s that are Turther trom the curve  1than

N N L D D I

120~ o first wave 2024 AL —
« sacond wave \

VELOCITY mm/ps

PRESSURE GPa

Figure 6. Wave velocities as a function of
preasura. The Jots ard circlea are velocitles
calculated from the experiment data. The
sheat velocity, Cu, and Poismon’s ratio, o,
werr calculated from the apper meta of curves.

TARLF L. SOUND VELOCITIES IN 2024 Al

P GPa U"mm/ps Gy oo/ us Cymm/

52 8. 1) 10.04

5% 8.44 10.17

66 H. 49 10.47

(11.] 8.95 1ia0 B.7%

/1 D) 10.713

A2 Y, 46 11.04

89 9. 74 1t.1

94 9. 49 11.45% LY

100 10.09 9. 70%
108 10. 34 11.%) 94"
12% 1N, 45 12.720

149 11.17 11.0})

1h0 L% 10.5%

"
Thone  vepor (Uiem hiave boen corrcected for
the longltudinal decay.

can b oxplatned by wfuple nseattor. Wan
haliove thin {n dus tn miattkea of  unknown
neigin.  hree of the Tour secend wave arrival
meanurement v appear to he atéyhtly higher tChan
the swolld curve. whieh wan calen' ated from the
Hupontot data weith ny=e v wharoe v"-).n.(l) Wn
have deavm  a danhed  1{ne  from hetwarnn the
E2% Gl and 180 GP'a dlata polanta. We halinve
thin rcurve patm upper limite on the prawsuras
where mslting beyg'nw and  (a completaed. I



super heated 80lid ustates exist the actual
melting pressure would be lower. In addition
to our data we have used the data of Asay and
thhabilds (8) to fit the lower end of tha
u per nmsolld curve. On the basis of the two
s lid curves we have calculated the shear ve-
locity, C,, drawn In the 3 to § mm/us range on
the figure. This s concave downward as
axpectad because of shock heating effects.
The same two curves were usad to calculate
Poisson‘s ratio, o, which is plotted on the
bottom of the graph.

We note that three of the four seacond wave ve-
locity points 1lle a sub: tantial amount above
the calculated bulk souad velocity curve.

Based on thoac three points and the lower one
we have drawn in the dashed curve. This isl
approximately one parcent higher than the

calculated curve. We then calcuiated C and o
agaln based on the longitudinal veloclty curva
and the dashed curve. These are also plotted
as dJashes. Since the two curves ace now
closer together C, decreases and ¢ increises a
bit. It thus appears that the shear wave ve-
locity and Polsson’s ratio are probably detar-
oined to within a couple of percent.

If the dashed bulk velocity curve (8 correct
then ¢ must decrease by about 152 In che 100 Gla
pressure regime. If the 150 GPa point in the
liquld 13 uSad to caleculate Yy, it s found
that v must increase by about 10X. It musAt he
remembered that this Ls a single polnt which
should he verifled even thoupyh Lt app-ars to
be a very high preclaion experiment.

We have plotted the P-p Nugoniot of 2024 Al I
Flg. 7 along with approximate melting phaue
boundarlies, This L8 an empirical curve where

the fnitlal slope wan determined from alumiaum:

malcing data, and the relatlve curvature
estimatrd Erom calculatnd 2024 Al Lmentropen.
We hive cled It to tha  Hugonlot at 125 and
150 GPa. It ean ho seen that the (ndliceated

change In volume at the meluiag potnt I8
reanonable.
-1 | | 1 )
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The Lindemann melcing criteria predicts that
2024 Al should melt at approximately 100 GPa
when using a Griineisen vy indicated by the ex-
periments. We also note that i{f the malting
phase line followad curves of conetant entropy
melting would alao be predicted to occur at
~l00 GPa. Some erperimental dara were pre=-
sented by McQueen et. al. (9) to justify this
simple concept.

CONCLUSTONS

From these measurementa and calculations we
conclude that melting on the Hugoniot for
2024 Al begina at ~125 GPa and is completed at
~150 GPa. The 1longitudinal release wave va-
locity 18 quite well determined with the bulk
vave velocity less well. We believe the shear
moduli and Polsson’s ratio are derermined to
~2 to 3Z. The Griineisen parameter is probably
determined to about 10Z. More measuremants
should be made so that the veloclty of the.
bulk vave can be determinad to higher preci-
sfon 1in both the solid and liquid phase. The
yield satrength, which might be Llmportant when
2024 AL s used as a standard, also needs to
be better determlned. Tha (indicated release
pcessura of 5 GPa for the longltudiaal conmpo-
nen: {s just in the range where th!a type of
correctlon might become naeded.
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