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ACOUSTIC VELOCITY MEASUREMENT ACROSS "HE DIAMETER
OF A LIQUID METAL COLUMY

C. A. Laider anc «. 4. &

sty of Talifiresy fawrence Livermore Laboratary
Livermare, California 94559

A metrcd 1s described for tne weasdrement of tne accustic velocity
acrpss tne diameter of a4 1 »n diam Viquid metal! column before

nstabil-ty and Sreakup of the column occursy.

ABSTRACT

fressat techniques for measuring sound velocity ia liquid metals
baye beer Timited b, tne use cf trarsducers which cannot survive in e treme
tempersture conditions.  These methods also require relatively long
measyrement times. Ar opticii noncontacting method has been developed
whivn na, 2@ used for actremely snort e-perimental tires ang very high
temperstuTes and pressured.  Tnis techni e s terny 1acorporated into an
15Qhart. 2xpInsinn apparatys, in whicn @ 1 mm diam wire sample in a high
Presuare 3ragn gds enyironment is reststiveiy heated to melt witnin a time

Perior of anly a few wicroseconds. Eefore instability of the liauid

¢nlume alzurs, thermal expansion, e¢nthalpy, and temperature are reasured.
The additron af the sound velocity measarement permits a more corplete

dete =1n2110n of the Trerm0fhysicy? properties OF tne ligucd ~6tal.

sy
Fobaw g
e

The dilatation and shear wave velocities are usually measured by
tecnriques employing piezoelectric transducers as in the through-
transmission and pulse-echo melhuds.(]} There are several ebvious limi-
tations to this and similar approaches. First, flat and smooth specimen
surfaces are required to permit direct contact with the trznsducers,
Second, the suezimen thickness and radius must be such that transducer
ringing, edge effects, and successive echoes of the main pulse do not
overlap so that signal interpretation becomes difficult. Finally,
piezoelectric transducers do not survive well in severe environments and
require relatively long measurement times.

These difficulties were encountered when trying to find a method to
measure the acoustic velocity acrose the diameter of a 1 m diam column
of liquid metal under high pressure. This sound velocity measurement is
needed to provide additional thermophysical property data for liquid
metals obtained from an isobaric expansion apparatus.(z) In this
experiment a specimen about the diameter of 2common paperclip and 25 mm
long is subjected to rapid resistance heating by current dumped from a
large capacitor hank. Required measurements are recorded a faw micra-
seconds foliowing specimen melt and before instability aad breakdown of
the molten column occurs. The isobaric expansion apparatus allows deter-
mination of pressure, density, enthalpy, temperature and electrical
resistivit, (0 be made simultaneously. These data can be used to determine
specifil heat ane the bulk thermat expansion coefticient for the liquid.
Measurement of sound velocity would allow the additional determinatioo of

the Gruneisen parameter, the specific heat at constant volume, and the
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adiabatic and isothermal compressidility of the liquid mezal, A
successful solution te the acoustic velocity measyrement was developed

using a noncomudct optical technique comsisting of puisec laser depcsis

ioading and displacement interferometry. A high nower, Q-vulsed “iser
beam i focusec on ane side af the specimen, initiating a stiress culse
traveling across the d!ameler.{l'n‘ The stress pulse arrival on the
opposite side of the specimen diameter is recorded using 3 Michelson
displacement interferometer. Tha measured transit time of the stiress
pulse anc the diameter of the metal column leads directly to the acoustic

velgcity.

NONCONTACT TESTING USING LASERS

The absaration of radfation fron a hich energy, G-pulsed laser in o
thin surface layer of a target material can produce a relatively large
stress pulse which propagates into the material. The rapid veporization
> the target surface skin produres & strang transient pressure buile vt
against the target surface due to recoil from the plowaff of thne plasma.
The plasma blowoff in turn drives a compressive stress pulse into the
solid. Moderate size lasers producing saveral Joules of energy have
induced stress pulses with amplitudes approaching the yield stress of
many metals and durations on the order of 100-200 nanoseconds. The
latter is equivalent tc a pulse Jenath of about ) mm in most metals,

Lompletely noncontact testing is made passible by using a Michelson
displacement interferometer to serse the stress wave arrivals at the
specimen surface . This surface becoxes the moving mirror of the inter-
ferometer. A single freguency, CW laser is focused to a point on the
lateral surface of the rod. The interfarence of the reflected signal

beam with the refergnce peam from a fixed mivror produces a series of
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light and dark fringes. Slight novement of the surface causes fringe
movement to occur which can be accurately monitored with a photomulti-
plier tube (PMT) and ausocfated instrumentation. A displacement of \,/2
where  is the laser wavelength, produces a fringe shift of sne cycle,
For anargon-ion laser operating at 3.5145 .m, a displacement of only
0.2572 m, will result in a fringe movement of one cycie, In the
present application times of arrival of transient displacements, rather
tnan the displacemc t amplitudes, are required. Therefore, displacements
producing a fraction of a fringe cycle movement can be easily detected.
A typical arrapgement “or noncontact testing is shown in Fig. 1. The
enerdy from a Q-pulsed laser is deposited on the Surface of the specimen,
driving a stress oulse into it. The photodiode triggers a digital delay
unit which triggers the scope sweep after a preset delay time. The far
surface of the specimen acts as the moving mirros of the fichelson inter-
ferometer shown. The transient displacement is converted to a voltage

output by the PMT and the output recorded on a fast response oscilloscope.

TIME [HTERVAL MEASUREMENT CONSIDERATIONS

The transit time of a stress pulse through 1 mm of iquid metal is
only a few hundred nanoseconds. Therefore, inherent delays in the scope
triggering and vertical input, transit time through the PMY, electrica)
and optica) path travel time, and effective start time of the stress
pulse can have a significant effect on the measured transit time. For
example, tke trigger circuit and vertical amplifier of the scope used
in this study had electrical delay times of 40 ns and 80 ns, respectively
and the PMT had a transit : of 30 ns. The timing was calfibrated by
placing a thin plate of high purity oxygen free copper of known dilata-

tiona) velocity in place of the specimen of Fig. 1 and addfng a second
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slideglass peamsplitter at the “igh eneray input te provide 3 marter
fiducial scperposed on the photamultinlier signal output from the
interfercreter. This procedure provided data on the stress initiation
time an¢ eiiminaied all tining consideratiors except the difference in
optical path lengths. Results sere recorded using a high frequency re-
sponse oscillascope. The detaiis of tme timing calibratian aie shawn

in Fig. 2. The optical patn from the first beam splitter to the PM

tube wes .Jé'm shorter tkan the air path via the interferometer, so the
Kd-G lase pulse appeared 1.5 ng early on the osciiloscose record shown.
The average valye for the velocity of sound At room temperature for copper
w5 taken to be 4740 m/sec for compressional waves in an infinite medium.{s)
Tre copper plate was 0.91 mm thick, so the expected t ansit rire was 192 ns.
Tmerefore, the apparent Time of start of the stress pulse on tne recard is

oblained by measuTiRg back 1993 ng Srom tne brezkout of tne Snterferometer

sigral, as indicated by the arrows. Thus, the effective tire of stress

wave initistiogn i5 at about the nalf-amplitude pcint of the betinning of the

Nd-6 Ge,er pulce, Similar ressiis were obtained from tests on thin shegts

0f alumiau=, steel, and beryllism. The nominal sweep rate snown was 50 ns/div.
The results appear to be repeatable to within ~ *5 ns.
{t wWas nocessary to make a comprendse in chogsing the spot size used
for the energy deposition on the | m diameter specimen rod. A very
precisely ocused spat resulic 1o g <narp signal arrival, but tne peak

displacement amplitude is greas!; reduced pecause ereryy frem the Nd-G

laser is ewpended in drilting 3 hole in the spacimen. A oroadly focused
beam on tre other hand leads tc 3 strong displacerent sianal, but signal

arrivel ¢

mes GIStOFted.  The best compromise for 1 orm dvaveter sauples

appears = he a spot $12¢ of - "7 rm diameter.
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The interferometer was adjusted 50 tnat the two arms had nearly egual
path length and Lew intensity, This results in larqe, high contrast
fringes at the phatomultipler tube. The disotacement signal semsitivity
depends upon the position of the fringe pattern at the precise instant of
the test. If it is ¢lose %o a maximum or minimum, the sensitivity is low
This problem can be ¢)iminated by using & quadrature system with the secand

signal shifted 90” sc one detector will always respond at high sensitivity.

EXPERIMENTAL_PROCEQURE

To test the proposed technigue an aluminum mock-up of the inner portion
of the isabaric expansion pressure cell was fabricated. This held the
sapphire pressure windows ang one of the sample-holding anvils complete
with electrodes and cylindrical current return cap used in the actual system.
The hardware is shown tn Fig, 3.

A top view of the mock-up pressure cell containtng the | mn diam
specimen is shoum in Fin. 4 with the associated optical sewup. The energy
from a high-power, Q-switched Nd-G laser {8J, 30 ns) is directed through a
collimating aperature {1}, a4 sapphire pressure w*- *>: (2], and then ijs
focused by lens (3) on a spot (0.2 mm digmeter} on the surface of the
1 mm diam cylindrical sample (4). A stress pulse is generated in the
sample by surface pressure produced fram plasma bloweff.

Ine strass putse propagates to the diametrically opposite surface
which acts as the moving mirror of the Michelson interferometer. Llight
from an argon ion leser is directed through lens (5), the sapphire window (2},
aperature {5) and focusec on the sample (4). Zigure 5 shows a close up ;iew
of the specinen and holder. The interferometric beam 2nters from the right
5ide a0d the high energy beam from the left. The self-illuminating plasma

blowof! appears just to the left of the specimen. The laser beam reflection
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from the specimen is combined with a reference beam from the other leg of
ghe inte-ferometer, The sudder fringe shift pr-duced in the interferometer
when the stress pulse arrives is observed with a pulsed photomultipiier
tube. The time of energy Jeposition is determined from g fiducial generated
as descrioed in the timing calibration {Fig. 2}. The transit time for the
pulse is determined by displaying the signals on a fast oscilloscome. The
samples dismeter during the transit time can be accirately determined from
a streak camara record so that the prapagation velocity cam be calculated.
The energy density deposited by the Nd-G laser must be restricted so that
the weak shock wave generated will have a velocity close to the longitud-
jnal sound speed.

A variety of solid metals were tested in the mock-up system including
tongsten, tantalum, copper, fron and lead. The principal operational
aifferences were due to the different reflectivities and surface conditions
of the samples. Adequate interferometric fringes for reasonably good
signal-to-naise data were ottained for each solid metal. The accurate
lacation of the high-cnergy deposition spot Airectly opposite the spot
«‘cried by the interferometer was found to be very important. The
stess pulse amplitude is rapidly reduced if this alignment is not good
and tho distance traveled by the streas pulae becomes diffzrent from the

specimen diameter.

LIQUID LEAD TEST

To check out the methed for acoustic velocity measurement in liquid
metals, lead specimens were cnosen for testing due to the relatively low
energy required to obtain melt. Erperiments were first conducted on

solid lead rods and subsequently on lead rods tiasefied by the high current
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pulse from a 20-%V capacitor bank discharge. The stress transit time
measurement was made 2 few microseconds following melt. Typical specimen
voltage and cyrvent histories are shown in Fig, 6. The iattiation of
speciren melt begins about 8 s after dumring the capacitor bank acro. .
the specimen. Melt is completed about 1.5 Ls later and the capacitor
bank is shorted at 12 us. At 5 us after bank craowbar, the acoustic
velocity measurament is made. This time was chosen to be sufficiently
“uig for the liguid column ta came 4o thermal equititrium but before
“.stability and breakup accur.

Scope data traces are shown in Fig. 7 for solid and liguid lead tests.
As in the timing calitration, the fiducial is simply a reference marker for
the occurance of the high-energy laser pulse. The measured acoustic
velpcity across the 1 mm diam of the solid specimen was found to be
2.38 mm/.s, siightlyhigher than an average value of 2.21 mm/ps taken from
Ref. 5. As would be expec:ed, there was a considerable drop in velocity
for the tiquid lead test. The measured liquid-lead acoustic velocity of

&
1.80 mm/us agreed very well with a published value at melt of 1.78 mm/bi.( )

Same surface motion was noted to occur before the arrival of the
stress pulse in a1 the liquid-lead tests. This was probably due to
small perturbations induced by the rapid melting of the specimen. In
several tests the disturbance was severe enough to obscure the clear
arrival of the stress pulse. This prablem may be alleviated by waiting

Tonger after crowbar to make the acoustit .elccity measwement.
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CONCLUSIONS
The noncontact method described using laser energy deposition and
displacement interferpmetry provides @ unique me-ns® for the mcasuremsnt
of xcoustic velocity in 14-uid metals. This ,cprascn yields information
not obtainable by conventional techninues. The capability is being
permanently installed as an integral part of an isabaric expansion ex-

periment apparatus. This addition will provide a more complete deter-

mination of the thermgphysical properties of liquid metals.
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Fig. 1. Typical noncontact test setup using
high energy and LW Yasers.
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Fig. 3.

el SEE SRS ]

Photograph of isabaric expansion test hardware. Specimen and
anvil on right are inserted into current return cap in center and
comglﬂrf\_ed unit is placed into aluminum mockup of pressure cell

on Jeft.
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Fig. 4.

Top view of isabaric expansion pressure cell and

optical arrangement for acoustic velecity measurement.







