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Hyp'erv_elocity_launch capgbﬂiﬁes ©-16 km/s) &ith fgacroscopic plates have become a'vail; '
able in recent years. It is riow--feasiblé to‘coﬁduct MSt@ented plane-wave tests using this
capability. Successfully conducting such tests requires a planar launch and impact at hyperve-
locities, appropriate triggering for recording systems, and time-resolved measurements of
motioﬁ or stress at a particular pdinf ér set of points within the target or projectile during -
impact. | We have conducfed the first tifné-re’sdi%red wave-profile éxperiments using velocity.
interferometric techniqueé at impact velocities of 10 km/s These measurements show that alu-
minﬁm continueAs to exhibit ndnﬁal release behavior to 161 GPa shock pressure, with complete
loss of strength of the shocked staiev..- These ex_;periments have allowed a determination of
shock-wave window traﬁsparency in‘ conditions prc)duced by a hypervelocity impact. In partic-
ular, lithiugn fluoride appears to lose transparency at a shock stress of 200 GPa; this appears to
be the upper limit for conventional Wé\?e profile mea-suréinents using velocity interferometri‘c':

techniques.

DISTRIBUTION OF THIS DOCUMENT 18 UNLIWITED
1. INTRODUCTION :

Plane Wave Experiments. : S MASTER

Plane-wave impacts have been utilized using explosive or smooth bore systems for many
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years to measure material properties under shock loading. A suite of diagnostic and experi-
mental technique‘s [1,2] are used to measure material properties in the high-pressure, high—temi
perature shocked state induced in materials resulting from impact. These techniques allow
measurements of the shock-Hugomot 31, shock—loading and release behavror 4,51, material :
strength [3- 7], shock—mduced meltmg (5, 8- 9], and shock—mduced vaporization [8-9] pro-
cesses in matenals. The measu_rement of these material properties forms a data base to deVelop _‘
constitutive models to represent material behavior in dynamic loading [lO].

Until approxunately -51x years ago the highest pressure and temperature states achleved in -
matenal by gun unpact loadmg techmques were restricted to those available with two- stage
light-gas guns [1 1-l3].' The most extreme condltions were those produced using high imped-,
ance impactor materials such as tantalum or platinum at impact velocities of 8 km/s.

There is a need, however, to determine the equations of state of materials in regimes of
extreme high pressures, temperatures ‘and strain rates that are not attainable on current two-
stage light-gas guns. These regimes are dominated by phase changes such as melting or vapor-
ization. Some key areas of interest include these trans_itions, other aspects of the equation—of; _
state (Hugoniot, thermal propertiessuch as the Griineisen parameter), and meteorite .impact
phenomenology. Conventional two-stage light-gas -guns, howeyer, have limited accessibility
to such extreme thermodynamic. states.

Hypervelocity Launcher

Sandia National Laboratories has recently developed a hypervelocity launcher (HVL) capa-
ble of launching 0. 5mm to 1.0 mm thlck by 6 mm to 19 mm dlameter plates to velocities
approaching 16 km/s. ThlS new launcher complements the available suite of high-pressure,

high-temperature loading techniques (examples of radiative sources are lasers, Z-pinches,
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etc.,) Cﬁrfeﬁtly b-éing-“u.sed at vériéﬁé _laboratc;riés to determine the EOS of Weapon and ICF
maten'éls at extreme thérmodynafnic s'tétes.

It is the purpose of this _ﬁ)ai)er to réport recg:rﬁ; results of velocity intefferometer (VISAR
[14]) ﬁaﬁicleéveiqéity measurements of shock lcv)éc_lirig‘ and releeiser in aluminum and titanium at
imbﬁact velocities of ~ -1-0 km/s usi_ﬁg the Sai;dia HVL. Shock loading and release expeﬁménts
on aluminum at 1.62 Mbar result_ing from symmetric impact at 10 km/s indicat‘e complete melt o
in the shocked state. This ‘ié évid.encec.‘l both by thelack Qf shear strength and release wave
speéd'measuremént thét is in’dicat.iv“e:.o_f a bulk Wéve_ V_eiécify at 1.62 Mbar.

A similaf mea;ufeﬁ;ént with a éyfnniet’ric ‘tantﬂali-lm_eiperinvlen“c sdeed an abrupt loss of
returned light to .the velocify interferometer, VISAR, upon passage of the shock wave into the
lithium fluoride windéw. | ~Alfhough this e'xperim'entvfailed to return the desired tantélﬁm EOS
iﬁformation, it pfovided anv.im.po‘rtantvi-n.dicat-ior.i 6f the limits of VISAR metﬁods using litilium

fluoride as the window material with hypervelocity impact experiments.

2. HYPERVELOCITY LAUNCHER (HVL)
Basic OQe(qﬁon A

The principle of operatioﬁ of the Saﬁdia Hype;Velocity Lauﬁéher (HVL) is briefly described
here. In its simp_les"c represénfation, a tw-o’stage proj ectile is impécted on a flyer plate, which is
thus launched at a velocity of order twice the that of the incident projectile. Very high driving
pressures (tens or hundred§ of GPa) accelerate flier plates to hypervelocities. This loading
pressure pulse on the flier plates must be timef..dep'endent to _prévenf the plate from melting or -
vaporizing. This 'is accomﬁlished by using’ graded;dehsity irﬁpacfofs [6-7,1.5]. When this

graded-density material is used to impact a flier-plate in a modified twd-stage light gas gun, as
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Figure 1(a). The Hypervelocity Launcher
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Figure 1(b). Enhanced HyperVeloéity Launcher,

(HVL). Configuration used to launch flier plates
to hypervelocities. - :

(EHVL). Configuration used to launch confined
flier plates in a tungsten barrel to hypervelocities.

indicated in Figure l(a); nearly s-hoé_kless,..me'gal).ar pfe'ssufes ;fe .introciuced into the flier
plate [7,15-18]. The pressure pulse is téilored to prevent spallation of the flier-plate.

This technique has been us._edi [17—15] fo lauﬁCh nominally 1-mm-thick aluminum, magne- -
sium and titanium (gram-size) intact plate‘svto 10.4 km/s and O.S-mm-thick aluminum and tita-
nium (half-gram size) intact plates to 12.2 km/s More recently the technique has been
enhanced by using the experiméntal conﬁguraﬁon described in Figure 1(b) to allow the launch-
ing of titanium and ah_lminumrplates ‘to velpcities app;_oaching 16 km/s [16,19]. The experi-
mental design shown in Figuré li(b) acts as a dynaniié acceleration reservoir §vhich furtﬁet -
enhances the flier plate .\-/elogify' [16]. This ié the highest mass-\;elocity- caéébility attained with
laboratory launchers to date, and therefore should open up investigations into new regimeé of

impact physics using various diagﬂostic tools [1-2].

Flyer Plate Issues
Following launch, the flyer plate must be relatively flat and cool for successful planar impact
experiments. Due to the sev-ere loading conditions which result from time-dependent megabar

loading pressures, the flier plate achieves peak velocities over acceleration distance of tens of
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Figure 2(a). Radiograph of a titanium flier- Figure 2(b). HVL configuration for shock-loading

plate (prior to impacting a titanium target). and release experiments. Resultant loading and

The flier-plate is traveling at 9.60 kni/s° release is measured as particle-velocity history at -
h o the target lithium fluoride window interface.

millimeters. The plate appears to be “ﬁat” for approxirnafely the first thirty millimeter ﬂight.
distances (see Figure 2(a)). Even fh'c.n'igh,sh(.)ckless lqading conditioné are used to accelerate
the flier plate, the final temperatﬁré_ of ’%he ﬂ-ief plate Aup_on acceleration in these studies is
approximately 600 K for the geometry .us-ved>in FiAgurev 1(a) after achieving Velocities of 10 km/
s. This is “cold” compared to its melt temperature, despite using enormous energy (compared
to its illlelt and vaporization energyj to_achieye hypervelocities. Designé using lower-imped-

ance buffers such as foam can further reduce the temperature of the accelerating flier-plate.

3. SHOCK LOADING AND RELEASE EXPERIMENTS

We have used the hypervelocity launcher (HVL) to perform one-dimensional plate-impact
experiments. To achieve one—dime;néi’onal cdndifiohs, the target plate is stationed ~ 20 mm
from the flier-plate. This ensures that the flier plate aéhie;/es peak particle velocity prior to
impact, and remains relatively ﬂét (See Figure 2) prior to impact. No attempt has been made to
date to characterize the planarity of the impacting'ﬂier plate. The experimental configuration -

used to perform shock-loading and release measurements is shown in Figure 2(b)
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Recent HVL Experiments - Wave Profile Measurements

Symmetric plate-impact experimepts have beén pe;fdnned using aluminum, titanium, aﬁd
tantalum -atvimpéct velocities of ~ 1 0 km/s Figure 2(a) -sho{;vs the radiograph of an experiment -
in wh_icﬁ a 0.56 mm titanium alldy (Ti-6Al-4V) ﬂiér-plafe is launched at 9.6 km/s pn’or‘to. |
impacting a 2.0 mm thick titanium alloy target. The 'lithimn_-ﬂuoridevwindow[ZO] is 'élearly '
~ seen in the radiograp}ﬁ' in Figure 2(a).v'The ﬂat porti_ox_l_ of the flier-plate prior to impact as -
observed in the radiograph is 19 mm .Note that for the full duraﬁbn of the experiments there is
a void behind thé flier-plate; this allows Iheaéurémeﬁts Ao-f a' complete felease from the shocked
state. As indicated in Figure 2, a VISAR is used to estimate the particle-velocity history at the
sample/lithium-ﬂuoride window inferface. Tﬁe Atime-_r_esolgl.ed particle velocity history mea-
: sﬁrements at the target/lithium—ﬁuoride wi-ndow‘ inferface »are. sho@ m Figure 3(5) and 3(b) for . .
aluminum and titaniun‘l,‘ res.pgsc_tiybely. Since no fiducial wé’s established in these experiment-s,' o
the shock arrival time at the farget/window-interface is determined by impedance-match calcu-

lations based on the Hugoniots of Table 1.

Table 1: Aluminum and Titanium Hugoniots

Material : Co (km/s) s po (gm/em?) Reference

6061-T6 aluminum | 5.386 1.339 2.697 [21]
Titanium - 6Al- 4V | 4.99 1.05 4.426 [22]

Wave Profile Internretations

Figure 3(a) depicts the shock loading and release profile in aluminum shocked to 1.61 Mbar
at an impact velocity of 9.95 km/s. In this experiment, a 0.98 mm thick aluminum flier-plate
impacts a 1.98 mm thick aluminum target. Notice that a sustained shock of approximately

80 ns is observed in the figure prior to release. The titanium alloy is shocked to 2.3 Mbear at an
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Figure 3. Measured interface partlcle velomty history for shock-loading and release experiments in
(a) 6061-T6 aluminum at an impact velocity of 9.95 km/s, and (b) Ti-6Al-4V alloy at an impact
velocity of 9.6 km/s. Symmetric impact configuration was used in both experiments. An analogous
experiment with tantalum did not yield usable partlcle veloc1ty hlstory data because the LiF window
became opaque (see Section 4) .

impact velocity of 9.6 km/s, andvla complete releaée proﬁle as indicated in Figure 3(b) is méa_—
sured.:A profile resembling wéve atténuation ‘is méasuréd m the titanium experiment because a
thin flier plate (0.56 mm) impacts a thick (2.0 mm) target. Both expériments indicate a lack of
elastic-plastic release strucfures—é clear indication of complete melt. These release structures
then determine the oﬁ’-Hugoniot states of materials shocked to extremely high-pressures.

Aluminum Experiments

-

Results of the aluminum experiment are juxtaposed on those of three analqgous lower-veloc-
ity experiments [5] in Figure 4. An elastic-plastic Sigﬁature is visible on t_he three lower-veloc-
ity wave profiles, but is not v_isibl_e~ for the HVL @xperimen_t..' This is indicated by the double-
comer appearance of the Beginhing ‘of the release in the pfoﬁles from tests Al, A3 and AS.
Complete melt is indicated for the shocked state at 1.61 MBar. The shock Hugoniot state is
based on measurements of {he impact velocity and the existing equation of state for aluminum
(Table 1) givén by the shoc;k—veloci_ty (Uy)-particle (uy,) velocity relation as (U = 5.386 (km/s)

+ 1.339 u,). Inasrriuch as the impéct is stm_etric, the particle velocity is u, = 4.975 krh/s,
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’Flgure‘4 Wave profiles and results of Lagrangian analysis for four tests with aluminum targets .
(3 using 2-stage gun, L1 using HVL). All tests yielded Hugoniots lying above the Hugoniot. Shaded
area represents uncertainty in L1 release due to uncertainty in LiF Av/v (see Section 4).

giving a shock velocity Ug = 12.05 km/s, a compression plpg = 1.703_and a stress

P = poUsu, = 161 GPa.

Release paths -
We have calculated release péths by several means. First, the wave profiles were analyzed
by an explicit Lagrangian calculation comparing input and output wave profiles for the sample.

The incremental form of the release is calculated using do = pyCdu and de = du/C, where C s
the Lagrangian wave velocity for the cdrrespbnding particle velocity decrement du at particle
velocity u. Impedance mnismétch calculations are also‘perfolrmed'to transform the particle

velocity measurement at the window interface__t_o in situ material velocity. This analysis -
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yielded tabular relatlons between wave speed stress straln straln rate, particle velocity, win-
dow veloc1ty and time. Here, ‘time is referenced to unpact time for loading waves and to the
centering time of the release in the sample for unloading waves.

- Second, the Lagranglan Wavecode WONDY V [23] was used to model the experiment, with
the Griineisen y adjusted to grve agreement between the observed and model Waveforms A
‘second WONDY calculatlon Vusmg a rate;dependent strain-hardening model (Asay and
~Chhabildas, [4 -»5]) produced comparable results. |

 Release Wave VelociQ in Alumzftutm

The leading .edge of »the release wave velocity'_(traveling at the bsound speed 1n .the shocked
state at 1.61 Mbar) can be caleuIated knowing the sample and impactor dimensions, the dwell '
time of the shock at the sample-window interface, and the impact velocity. The calculation
method is indicated in F igure 5 : The calculated_ Eulerian value of 10.7 £ 0.15 km/s agrees Very"
well with extrapolation' of previous sound speed measurenlents by Asay and Chhabildas [4,5]
and McQueen ét al [24]. and is s-hownin Figure 6. | | | |

Titanium Experiment

In this sgfmmetric imnaet experirnent, a thin ﬁyer plate,(0.56 mm, vs. 0.98 mm for the above

=1
>3
(0]

Impact Plane

1. 2. .
I [ g / ~VisAR Plane o ath
= e = Lagr — l——t_
g Eg S s 27143
S 21 .-
.-1" ' - t’ £ Eulerian — Lagr X ———
Time s — - 2 pHugoniot
Wave Profile o I‘;"‘—b-"l S Position
Al Al . LiF

Figure 5. Method for calculatlng sound velocities at Hugoniot state. Times ¢; and f5 ar observed; t3
must be calculated from known flyer plate thickness and Hugoniot shock velocity. Lagrangian
sound velocity is referenced to original part dimensions; Eulerian is referenced to compressed part

- dimensions and corresponds to Figure 6(b) velocities. '




Submitted for publi'c_ation in the proceedings of the 1 998 HVIS

15 1 O Aaoy & o - Present

RELEASED) Asay & Grpbliios — /

= | X Asay & Chhabiidas -

% L A Present : o

=10} > melt
! ) E - complete

g | } < |

£ | , S

.wo,s s * ﬂ * 3

. i Cd ' o & Chhabiidas
3 ST > Y X Asay & Chhablides
te ‘ ' T B oo [ : 3 McQueen et dl

- o.o [ PUEEPUNEN U BTSSR WA S Y l!. i ! A. P | » L ) | A m‘*d

. 0 40 80 120 - 160 2:00' o - ,40 40 80 120 160 200

(a) Hugoniot Stress (GPa) - (b) ©  Hugoniot Stress (GPa)

Figure 6. Measurements of (a) shear stress and (b) sound speed at 162 GPa in aluminum as deter-
mined from the release wave profile indicated in Figure 4 (a). Comparison with prevmus studies by
Asay and Chhabildas [4,5] and McQueen et al [23] is also indicated.

aluminum ¢xpenment) impacted a t;tamum sample 2mm thlck. At the sample/window inter-
face, the leading edge of the release from the_ _béck» of the flyer plate had overtéken thé initial
loading wave. Hence an attenu;d.‘ting‘ wair_e: was ébsefved at the Window interfaée. This compli- “
cates the process of extracting equait_ionQOf-state information from the experiment, such as the |
release paths and sound velocities de’duced-e‘lb-oye for the alﬁminum experiment L 1.

In retrospect, :however, had a thicker flyer plate béen used to obtain an unattenuated-»wave,
t‘he experiffxent would have not yielded reiéase profiles dﬁe to loss of WSAR fringe contrast

because of limitations of the LiF windbw (see discussion in next section).

4. LITHIUM FLUORIDE WIN'DOW - O_PTICAL PROPERTIES
Transparency | |

The successful measurements shown in Figure 4 de_monstrate the transparency of the lith-
ium-fluoride (LiF) windo§v. at rﬁuch h’igherrvp're.ssures (and temperatures) than this window
rﬁaterial has ever been subjected to Before [20], ie., to 1;5 Mbar and 2.0 Mbar, respectively, in
the aluminum and titanium experiment. A‘previ’ousv.study had demonstrated the transparency

10
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of LiF windows to stresses.df 1.‘2 Mbar [20]. A symmetric hﬁpact experiment at 8.62 km/s
using both tantglurn asa targét and as a flier plate, howéVer, did nof yiéki 2 release; proﬁle_-: mea-
surénient similar to those {ﬁFigure 4 This cbfréépohds to a Stréss of ~ 6.4 Mbear in tantalum
and ~ 2.4 Mbér in the_LiF window. This i)re_ssure lgvél'causes an apparent transpafency loss in
the LiF’_‘window. This is 'indicated'ixi_Figur_e 7. | o
-The beam inte‘n'sity'rméﬁitor‘ sﬁggests’vvthé't a;c the i.6 Mbar éiress le\%el there is no loss of .
franspeirency, y‘ielding‘extfer'ﬁely :'goc')(ii, fﬁnge'dafa at the sample—Lif window interface.'As fhe‘ B
stress level is inérease'd t§ . 1.97 Mbar in the window there is considerable deéreaée in the beam |
" intensity signal, buf nevert_helessr reasoﬁabié fringe informatioﬁ is determined at the sample
window interface. At a stress level of 2.4 War 1n the window material tﬁere is an abrupt loss
of beam intensity and a total losé of 'ﬁ;inge inforfhation from the sample/window interface. A
total loss of contrast suggests a reflection from the shock ﬁont. In short, the window interfer- |
ometry technique using lithiﬁm ﬂuoride windows is restricted for use up to shock stresses o.f

2 Mbar in the window material. These results also point to the need to develop new time-

LiF Stress = 151 GPa

Al - Al impact) LiF Stress = 240 GPa 1

| (Ta - Ta impact)

" [ Beam

o

0 oy |
-0.2 0.0 0.2 0.4 0.6 0.8
' Time (us)

LiF Stress = 197 GPa . ) ,
(Tie4 - Tie4 impact) Figure 7. VISAR interferometer signals from
: _ sample/lithium-fluoride window interface sug-

‘ gesting a total loss of beam intensity, fringe data
and contrast when the LiF is shocked to 240GPa.
-The use of lithium-fluoride window as an inter-
- e ferometric window is limited up to a shock stress

-02 0.0 0.2 0.4 06 0.'8 of ~ 200GPa, (lower left) at which stress fringe

‘information is still available.

' Fringe Amplitude (Arbitrary units)
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resolved techniques and/or-new window materials t_.o gllow successful measurements of off-
- Hugoniot states at exﬁémely }ngh pfeésures. '

Index of Retrac.ti'o‘n :

" The calibration of ‘the velocity-per-fringe sénsiti_vity: of a VISAR depends on the optical
- properties of the windqw th_iough the‘ﬁec.luency ﬁoﬁéction Av/vg [14] according to: ,
| . 7;0 S . 8= Eta-l‘on dispersion correction -

VPF AT T Ay r=RelatlYe delay in delay leg =9+
: Ao = unshifted laser wavelength

The index of refraction of a shock window material may be calculated [19] as:
' . &g = Strain at Hugoniot

_ ng=Ambient index of refraction . Eg.2.-

- ‘_ ‘Av/v( = frequency correction

ny = 1 L [ng—eu{(1+Av/vy)]
—gy _

F rom the aluminum ‘test,- Avivg may be estimated using the plateau level in the velocity his-
tory. An impedance-match calculation, which ciosely matches a WONDY V modeling usLing
the aluminum EOS frqrﬁ Table 1»,’ giyeé an expectéd \}elbcity of 5;035_ km/s The ;equired yalue '
of Av/vo to match this is 0.230  0.047 (this' Vaiue' was used -for the HVL plot in Figure 4).
Error estinfates here include sigrﬁﬁ-cént. uncertainties (2%) for the LiF and»aluminum equations
of state; and approxirﬂately 1% Uncertéinty for the projectile velocity. Taking ng = 1.3939 and
gy = 0.4208, we conclude fhat ﬁH = 1.513 + 0.034. This is plotted tégethér with earlier data |
and fits [20] in Figﬁre 8. | | |
- Hence, the new data are suggestive of a significant change in the oi)tical behavior of LiF in
the hyperveloci& impact‘sefting.- EXperiments which include high precision EOS measﬁre-
ments for the target and Wipdow matéﬁél at thesé ;fresses willl be neéeséary to determiné this

optical behavior to better précision.'




Submitted for publication in the proceedings of the 1998 HVIS .

055 ————

" ‘New Data
0.50 | N | -
Modified =~
Gladstone-Dale L
Aé0.45 - Kormer &schm‘d"

' A Impedance Match -

-0 Symmetric Impact

_ O n0‘=l.3939 e

0.0 0.1 02~ 03 0.4 0.5
: - Compressive Strain (LiF)

Figure 8. Index of refraction data for LiF. The HVL aluminum-aluminum experiment (Ll) lies
significantly above the modified Gladstone-Dale curve, with a'Av/vq value of 0.23 +£0.047.

5. SUMMARY

The experiments descﬁbed here demonstrate the use of the hypervelocity launcher to deter-
‘mine material properties in pressure and temp’éréture regimes not previopsly accessible in the .
laboratory in the length"scales aVailabie n plateimpact experiments[These are the first ﬁme—
resolved wave profile measurements on.the hypervelocity launcher at impacf velocities of 10
1;:m/s. This has ailewed the meésurements of time-resolved wave profiles for shock loading
and release experiments. YThe eiperi_nients pree_ehted here illustrate the use of HVL and time-
resolved techniques for mateﬁal properties measurements. These experiments, due to their. -
plate geometry, allow a determination"b'f the EOS of materials, and also serve to validate
hydrodynamic codes in the imi)act regime (whe.re ;'ery few experiments are ;ivailable) . Well-‘ '
- controlled EOS studies are necessary for many applica_tions, including ballistic studies [25-26].
Several technical areas must be furthef develoeed to allow expanded use of the HVL in pla-

nar impact EOS and constitutive property experiments.

13
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Characteristics of the impact process itself (flatness, flyer temperature, and velocity) must be
well controlled for increased acerlrécy, énd ere arrrenaBIe te imi)rovement with further HVL
development. The experiments discussed here demonstrate the feasibility_ of such measure-

ments for EOS studies. |

Diagrlostic issues bare elso key to exﬁeri_ment us_efulne.ss. Wind.(_)wvlimitatviorrs are perhaps ﬂre
most important barrrer for ultra-faSt imlsaet experiments if optical probes are to be used. LiF A
has been seen here to lose transparency at ~200 GPa shock pressure, at least for vrsrble (514. 5 .
nm) light. Whether dramond post—yreld sapphrre other salts or other opt1cal materials wnhg

large band gaps could be used at yet hlgher shock stresses needs to be determined.

It should be emphasrzed that mo-st:o_f the dlagnostlc techmques used here ere those that were
developed earlier for relative_iy lower impact'studies. They need te be refined to give compara-
ble precision With earlier resrllts at more .mo‘des,t regimes. Future studies ‘ma'y benefit from
extensions of these techniques (e.g. .rniniéture’ VISAR probes, improved time resolutron in
recording, and better) end also frbrn the develeprrlerﬁ ef new techniques to better study the

physical processes accessible with the hypervelocity launcher.
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