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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 Alamoe National Laboratory
Loa Alamoa, New Mexico 27545

Rarefaction waves wcere produced by impacting a target with a thin plate, An optical
technique was usced to determine where the rarefaction from the back aurface of the

impactor overtonk the shock wava induced in

atep wedge target. Bromofuorm was

placed on the front surface, When the shock reached th: liquid Lt radiated dteadily
until the rarefsetion from the impac*or overtakes it, The times when this occurred
were used Lo detuermine where the rarefaction just overtook the ahock in the tarpet,
and thua the sound velocity. The leading edge of thia rarefaction wave travela at

longitudinal sound velocit' in solids,

This velocity increamea smovthly with prea-

aure until ahuck heat'ng causes the material to melt, The data indicate ti.it mel%ing
on the llugoniot of 2024 Al beginm at abont 125 GPa and Ls completed at 150 GPa,

INTRODUCT ION

Probably one of the most lmpnrtunt measure-
ments that can bhe made on wshocked materials,
after Ltn bsaic Hugonlot haa been meaaurcd, ia
tn determine the velocity of wsound at prees-
aure, ‘rhere haa baen a coantinuing effort to
do thin for many years with the first nmuccess
reported by Al’tshular et al, (1) in 1971, In
moet cxperimunta the velocity nf sound Ils de-
termined by measnring when or wherc the rare-
faction wave ([rom the back durfaca of an
tmpartor overtakes the Himek=wavir Iy a
target platn, The VISAR (2) wnd ASM probe (73)
experiments allow variatlon of that banle je-
ometry by ohscrving the reflections In the
target throngh transparent windews or lnania-
tora, The nxperiments :liswcribed here uare  of
the shack-wave rarefactinn avartak type nslag
optlcal detectara to datermine where the ov-
sctuke aceneny (4) 0 2024 Al wan chanan for cthin
wark becanse It haw heon wned an o stamlard
for cetermintay the equation-nf-state for many
materiala. A battnr knowlaage of 'tn  yleld
ntreagth and  Grdwelmen parameter, V(dP/dH)v.
vonl.l be al counhilerable lmpartance.

A thia plate wan a~celeratml by exploalve pro-
duets  which tmpacted a targst plate deveral

timen thicker., A qhoek whny» pPropRgates

thrangh the target and hack thruagh the Impac-
te=, The rarefactinn yelaclty to be determlin-
ed orclglamien at the UE~drivar Interface, aml

Lt prayagnten chrimgh the driver aml rhe  tar-
ey plate oventanlly avertakling the chock wave

conslag Lt te decay with favthar rumn, The .
rarefaction wave befare tuteracting with they
mhouk front haw been donccihed hy Vanrant  and’
Fetoslrtch  (5) am o slmple waye whoae ataten

van be detaralaml Wy rayn eallml  charavierin-
tle emlnal lng from the NE=driver tuterfacve, A
nehomatle of vhe syatem tw shown  In Flg, 1,

Here ll_' s the ghock  valaclvy  amd 87 the

Lagroupglan ameeul velocltty, whilen e related 1n

the , b veloelty, ¢ by the velal Lan

Wk et el by v e B el

c =l (py/) (1

Ignoring the dashed linns Lt can be seen (rom
the flgure that the Lntersection of ¢t and Ly
in the target glves the locatlon of the ovar-
take poaltion, If R La the ratlo of taryet to
drlvar thickneoss whare this occura then

L

. L]
cl i (1411 /(R=1) =U R (2)

In order e reach blgher  predsares Chon are
poaalhle wtth symmetrical lmpacts, we nwsed
Lron impueturs ([or the experiments above 100
GPa, For :m unaymmetrical lmpanct exporiment
the eguation tor calenlating R necomen

1/RY, = t=ttp/RU, (L RL/RY ) )
Here tha U's are shork velueities in the tar-

get, T, awl drlver, Dy R apgnin ts the anceeal
target to alrtver thickaesn ratlo,
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Figaee Lo An X=T Lapgrangtan plat showing I he
Lot charactevistlen  awl vhe  time taterval
menanresl al each tacgey thlckaesa,



It was mentioned that tha location of the
catch up vaa deternmined by optical analyzera.
Thase are indicated in the figure, It can be
saen that vhan the shocka and rarefactions
pass these {nterfaces that tha flowv {a modi-
fiad as indicated by the daahed lines, Howev-
et the lead characteriatic 1la atill linear
and the plot of tne At’s (these are the length
of time the shock runa unperturbed through the
analyzer) aa a function of thelr position must
alao be linear and the axtrapolation to Ac = 0

glvea the locatien in the target where catch
up oaccur4, Tho At’s for any level are detcr-
mined Independently from the wothera, In

principle two levels could suffice for thla
measnrement, but uaually five or so levels arc
uved, and om a few occaalons am many aa ten
have been used. Some oscllloacope racords
ohtoined on a high preasure experiment are
ranroduced in Fig, 2, A plot of At vs target
thicknoss 1s given in Fig, 3,
high quality experiment. The
nmually not this good,
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results are

A AP et

Flgare &y Reproduetfon of tunr recubily

ohtalned wn o high prasunre ghot

annlyzers v nde matorlala Lthat
vaslbave  Like a0 bBlack bady when mith |ectag tn
ntruap aheek waven,  The halagea  carhonn  awl
hyslrocarbnns svem ta poguess thls property, as
well am quartz aml me glonsen, We bave aned
bromefarm, CHUr | la tlr-uv rxparimantn becanne
af Lew bigh, l.d" kg/u’y slennley,  convenlenes
aml radlatlve  propertlex, The  targe!
annvanl b o lly vanmlared of a pale of atep
wedgen  rach  with  tive dlffereat  thlvkaesn
leveln, The weilgesn  wore  onelonel In [
Plextglan  bax which wasw fHLLsg with Nromelorm
wt ahe Tirlag oltes The contsr ot erach mep
un the  wedye  wan  viewssd dhroagh A amall
aportare =l mm tn Alameie,  anl oa paly ol
batflen 2 mn la sdlawmer, with a (Lo wum
lamerar quaciz Clhor Loeatesd =20 mm Feam the

Fur the

Thia 19 a very.

apoerrare, The Light plpes vere mmstel an vhe

foace ol LIL vype protoamaby bpllera (M), whileh
worn  eonpeetesl slbeee’ Ty to Toktvsmlb e A7 e
ARY wartl oo, The voliage stivhider
vt dent gl by Heck (W) wan wdesd,  Fhie
roeacillug AvaL omn Were  dsatasl Wil o0 apegb
anp,  aml were Tl 1o bage vlae Viaea tean |
tor 4wy tevanbonalde ahila Vype of vlae e
winn o bmrvemdl o vbe recandn o Lt oo
moemosl to by moeve typleal,
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Flgure 3. A plot of the target thickness

vs, catch up times for onc axperimunt.

RESLLTS

We have ubtalnead data from 0 GPa to 150 GPa,
One d4et of racords, reprodoaced in Flg. 2,
ahtalned on a high preasure oxperiment wshow
ona relatively well derined brenk, The ahock
ptessure in the 2024 Al for thia wexpw iment
waa 147 (iPa and wan anffilclantly high to melt
the rnterlal. At lower pressare tha tirnst
wave tn overtakn the shock fromt Ly doe o the
longitamllnal component, whiih (s followed by a
bultk rarefactlaon wave, The Llongltadinal
reluane wanally cannan a woll el laeil break In
the  roeanila an caa be aven In Flg. 4, lNowev-
er, there can he yern am additiomal change In
nlope whon the rarefacrtian travelling at the
balk anml veloelty overtaken the shack fraat,
Thiw featnre I8 not well aloflaml, r records
are alan complivatml by the fact that the ltrn-.
miform vanmes At lonal tnteract tonn,  Hoavwev=

vr n meannre of the halk valaelty rcap e

ahtalnml  from these recardas The reanlte for

e experiment  are shown  in Flg, b, Nome

almplitleas bam oeeara 1T dbe tongttmtinel com-

poment of the raretarting la allowel to aleeay
la the U4 AL verget rathor  than  In vhe
NMromooim,

We bave meaamied the ampl honbes of  the vala-

Vive  rasttation tn the anpertarbest vhoek Fyom
awl where the  halk  wave  appoars. Althoagh
avmewhat wahijeel lve, aluee many of the rovarln
nhow o bilersh e rarvatnee whees 1bhin oeenrn,
A venanaabily goml meadaare of thin wan ohtalaed
W exper bt sdealgowl te obb@orve  thina
featave, W ool Lhe vutlo of the amplftle
of the relmitve Light tmienaltlon va be 105,
From knew Ll of  the  yvaldbay boa=predanre
behoviae ol Hromotaem thia taplleda v slecreans
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Figure 4, Reproduction of a record on an .x-!
periment daesigned to wmeajure the bulk sound|
velocity as well aa the longlitudinal veloclny-l
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Flgner 5 The overtunke tlae va tarpet
thilekuenn far the ba'k rarefaction wava,

In pressars feom 100 Gla to 95 GPa,  Thie doen
not menn that the maierial han a5 Gt v Ll
ntrength, Ir one .nanwan  that 1he aloekesl
2024 Al 1w ow rhe yleld mircfuce the sloviasorlc
atrean  1a oaly ~L3 Gla,  llevarer, when anbag,
themy glata ta compnte  botk  Anwml  welae it ow
Al the valoe of the vrieelaon pavamaier vhe
pressars shonbil ha  radiveldl ~9 Gl'a, Al tlp
reqquiredd ahoeck  velaelty roinessdl acconltlaglv.
Thia han beva glane four the faw  xperls arn
denlgnad to dmeralne the il nsmul yelaetyy,
The slata are sommerrlesl (o Tahile | oanil plattedd
In Flg, b,

An agporial 1he flrat wave arrlval dava vields
wave wyolocltlen that  van he ol with a
wmusth courve,  Manl of Lhe Jdata ace withia a
peveent  of this rayve, However  vhene yen
waluts thay are furiber tyom the snvve  than

N N L D D I

20— o fire wave 2014 AL —
* mscond wave

VELOCITY mm'ps

PRESSURE GPa

Figure 6, Wave velocities as a function of
premnanra:, The Jots and circlem are vaiocltlioes
calculnted from the experiment data, The
ahear velocity, Cu, snd Polsmon’s ratlo, g,
vwere calculatud from the apper ncts of curven,

TARLFE, [, SOUND VELOGUITLES IN 2024 Al

I GPa i, mm/ ux ) mm/ ns Cymm/ g

52 8, 1) 10,04

5% B, h4 10,17

66 H§,89 10,47

n8 8,95 L0 B, 7%
I )Y 10,77}

A2 Y, 46 14,04

/9 9,74 [N

94 9,49 11,49 U, hn
100 10,09 9,70~
DR 10, 14 1) 9,4"
124 1N, 45 12,70

1Ay L,/ 1.0}

it 1,50 10, 5%

LI
Thene  vermi L1 lem have boen coreectel for
the Lmpltwdigal slecay,

ran be  explalned by sluple weatter, Wn
balieve thin ln o v mlatiken  of  imknown
welplas  Fhree of ybe fonr wevewml wave acrtval
meaSuremem 8 aapear 1o he sltght ly higher tChan
thea 'l bl varve, whteh wan calin’ itegd feom Vhe
g lot odava wlith ny=e v wherse v"-).ll-(l) Wi
have  slevan a sdanhesd  Llaw  from bhptwoen the
2% oil'a ol 1M GPR slata podnta, We halleve
thin varve puore appey timlte an the prawsnra
whurse moltiug boy'ne  aml  In complated, 1



super heated solid uratea exist the actual
melting presaure would be lowar, In addition

to our data we have uaed the data of Asay and
vhhablldys (8) to fit the lower end of the
u per solid curve, On the baais of the two

8. 114 curvea we have calcalated the shear ve-
l.city, C,, drawn In the 3 to § mn/us range on
tha figure. This 1a concave dowaward as
axpected becauae of ahock heating effects,
The same two curvas were used to «calculate
Poiason’s ratio, o, which ia plotted on the
bottom of the graph.

We note that three of the four aecond wave ve-
locity pointa Llle a aub: tantial amount above
the calculaced bulk souad velocity curve,
Baaed on thoac three points and the lowar one
we have drawvn in tha dashed curve,
approximately one percent higher than the
calcnlated curve. We then calculated C and o
again based on the longitudinal velocity curva
and the daahed curve, These are also plotte!
as dJashes, Since the two curves ace now
closer together Cu decrcasea and o increasea a
bit, It t'wms appeara that the nhear wave ve-
locity am! Pniason’s ratio are probebly deter-
mined tn within a couple of percent,

If tche dashed bulk veloclity enrve L8 correct
ithen ¢ must deervase by abom 152 ta the 100 GIa
pressurs regime, If the 150 GPa palnt In the
liquid L3 nand to cwiculate Yy, 1t 13 found
that Y must increase by abont [0X, 1t must he
remembereil that this is a ailngle point which
shonld bhe verifled even though Lt app-ears to
be o very high precinilon experiment.

We have plottad the P-n llugnnlot of 2024 Al In
Flg, 7 along with approximate melting phase
hanmilarles, This Ls an emplrical corve wheve

the laltlal wlope wan setermined from alomioom:

malelng data, and the relative cnrvatere
eattmntml  Eram ealenlated 2024 AL inentropes,
We live clyl tE Lo this Hogonlot  at 125 and
150 15, It ovan  be smven that the (ndleatest
change In valame at the melilog polnt I8
reannwable,
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The Lindemann melting criteria predicts that
2024 Al should melt at approximately 100 GPa
when using a Grineinmen Y indicatad by the ex-
periments, Wa also note that 1{f the malting
phase line followad curves of conatant entropy
melting would alao be predicted to occur at
~100 GPa, Some evperimental dara wera pre-
aented by McQueen et. al, (9) to justify this
aimple concept.

CONCLUSIONS

From these measurementa and calculations we
conclude that melting on the Hugoniot for
2024 Al begins at =125 GPa and 18 completed at
~150 GPa, The 1longitudinal releaae wave ve-
locity i8 quite well determined with the bulk
wvave velocity leaa well, We believe the shear
moduli an! Pofjson’s ratio are derarmined to
=2 to 3%+ The Grineisen parameter ia probably
determined to about 10Z. More measurements
ahould be made ao that the velocity of the.
bulk wvave can be determinad to higher preci-
alon 1in both the solid and liquid phase. The
yleld atrength, which might be important when
2024 Al 1 used as a standard, also needs to
be better determined. The Indicated releaac
pcessura of 5 GPa for the longlitudlaal conmpo-
nent {8 just in the range where thlm type of
correction might bocome nceded.
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