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ABSIRACT

Messuremonts have boen medc of pressure, particle velooity, and shock
velocity in tuballoy, steel, aluninum, and cadmium under impact by HoEo detonmtion
imves, From these data pressure-volume relutions are obtained in the regiom of
0.2 to Ooly megabars, The work is continuing oan these mnterials and on othsrs sush
ns beryilium, lead, carboloyc Related quantities for the elastic wave in steel
have alse been measured. In addition information has been obtained om the shape
and pressure of the detonation wave in pentolite. This Btﬁdy will be oxtonded te

other explosives such as composition B and baratole
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& *RESSURE, COMPRESSION, SHOCK AND PARTICLE-VILOCITY MEASUREMENTS IN THE
- NEIGHBORHQOD OF ORE-THIRD MEGABAR

PROGRESS REPORT TO AUGUST 35, 1945

INTRODUCT ION

On the recommendation of psrsocmnel of the theoretical groups, experimentel
work was initiated for the study of physical properties of materials in the
pressure range from 0.1 to 1 megabar (1012 dynes/hm?)o Co2 megabars has been
attained statlically at the Geophysiocel Laboratory bubt it is impracticable to do
this here because of the elaborate and cumbersome apparatus reguired and because
the. measurements are subject te uucertainties resulting from creep distortion, The
logical extension, eand one particularly suited to the data here desired, is to make
the measuremente dynamiocally thereby elimimeting the nced for elaborate pressure
-~ apparatus and inherent oreep uncertaintiess,

An opportunity for developing and testing teschniques and methods suitable
for this kind of work was afforded by the Bureau of Ships in setting up its
oxperimental program of underwater explosion damaga studies in 1942 and 1943.

Four parameters with which we arc concerned are the pressure Bs
corpression - Av/ﬁo the zero subsoript referring to the initial stete, mess orp
particlo veloclity v, and shock velocity Do These quantities are interrelated bx

the twa exprcssions
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where p, is the initlal density of the materialo These twe expressions may be

derived readily from the assumptions of anServation of mass and of momeatume
Thus only two of those four quantities need be measuredo It is ulso desiradle
to evalunte the temperature in the shook wﬁve and the drop in temperature due to
ediabatic expansion in order t9 aid in correlating the R;nkinezﬁngoniot relations
with isentropie pressure-volume relations.

Furthermore, in some substaznces thse slastlc or ordinary sound wave
travels faster than the main shook wave even at pressures of the order of 300
kilobars> For such muterial it is desirable to ovaluate equlvaleat relations
for this compressionel wave. Tﬁe dynamie yield point is known to be higher than
jtr static value but so fur ro acourate measuree of these ratios have been
availableo

The values of sownd velooclty ordinarily given in handbooks are for
specimens wherein the laterial dimensions are small somparod with the longitudinal
direction along which the wave is moving, and are thus related to "bar velocity"
which 1s VL = ¢§7;, E denoting Young?s Moduluso The values desired hpre are
those for an "infinite medium" which, for an isotropio substanee, ars given by
Co = vég;?;» 611 denotling one of the two elastic comstants. The ratio
GQ/VL is glven by Bl -3/ - 20) {1 + oﬂ 1/2 shere o is Polsson’s ratice
For o = 0027 this ratio is 1,12,

As the amplitude of the shook is increased it eventunlly exceeds the

clastio 1imit of the material and two shook fronts are observed: the elastic froat

moving with velooity G =\/1¥ 4-(&/3)3] /o, K being the bulk.modulus and R the

modulus of rigidity, and with amplitudo equal to the "dynamic yield point";

the othser or main shook front-mcghqg ﬂiyh'ﬁelooity D =v, \/oop/hva D is
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initially less then G, but oventually ovortakes C, as the amplitude of the shock
continues to inorense. For the pressures herein investigated only one front was
cbserved in the ocase of aluminum, cadmium, tuballoy, and lead, whereas twe shook
fronts were still observable in steel and carbvoloyeo

It vas originally planned to use the impact from a gun projectile te
initiate the shoock vave in the target. The reasons wore (1) that shocks between
001 and 0.5 megabars could be expected and (2) that the wuve would be flat topped
and could be made of sufficient duration that no degradation in pressure would

ogour as it proceeded inte the targetoe Simultancous messurements made of

wass velooity from projestile velooity, shock velecity and pressure would thus
yicld a unique point on the pressure-volume curve together with a chesck on the
consistenoy of the datao

A 6"/l7 smoothohore gun was supplied but the sealing bande on the
projectiles designed for us did not function satisfaotorily. Leeskage of guses
past the projectile tripped the electronise circuits prematurely. It is not
alfficult te desipgn sdequate seals and several such designs were submitted to
members of the ordnesnce groups. Peading their desision on which to uso work
vas begur with HoE. using lenses to obtain plane waves in conjunction with fiat
discs of pentoliteo Pentolite was used because it could be obtained easily and
quicklyc PT¥ < 2 was considered more desirable but the cokes of this material
supplied to us had surfaces which were too irreguler and too wodge=shaped to be

of use, The data presented herein were all obtained in thiz manner.

The shock wave in the target resulting from impact by the detonation

wave in the explosive is not f1j
L]
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by a decay wnich is more or less exponential in formo This unloading wave,.moving
more rapidly than the shock frout, is continually whittling dovm the peak pressuroo
Irn consequence it is necessary to measurse the parameters as & funoction of thickness
of the materiale Im additlon repcat moasurements are necessary to reduce un»
cortainties arising from unavolidable statistical fluctuations.

Pressure 1s determined by neans of probes wade from Teoub tourmaline
discso. The calibration constunt of tho crystals, for the geometry and conditions
of these tests, was determined from mousuremeﬁta of uw and D in steel., It is
advantegeous to make these crystals thin. Ours are thicker, about 0.5 wmn, than
desired but this cholce was dictated by practical considerations of existant.
constructional limitatiops° Several roverboerations are required for squiliﬁrium
to be attained between target and crystal and therefore a useful orystal life of
about 005 pses is requirede If the c;ystal besomes shorted before this time a
oorroction factor must be applied for the acoustio mismatoh of crystal and targets
This factor can be expressed very closely by 2(; + (92D2/b1D1iZ=1 subscripts
1l and 2 referring to orystal and target, respsctivelyo

Oscillograph records of elastic and shock waves through steel are showvm

in Figo 1.

Sheok velooity is determined from (a) the transit time vetwsen twe
crystal plates, (b) the transit time Letwsen a series of clectrical contactors
seb into the target, and‘(o) from the arrival times of the shock wave at the
front and back surfaces of the targets by meuns of exterpally placed electrisal
contactors. The last method is not as acourate as the first two and is used

therefore only as a rough cheok measuremento The first method way be illustrated

by the two crystal records of Bigh %« Hhelsedofd mothad.is illustrated by
‘oo .o —g g r————
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oscillograph records and a plot of the data obtuined therefrom in Figs. 2 and 3

respoétivoly, wade on an aluminum pleteo
Particle or mass voloelty of the material was ascertained by meens of
externally placed eleotrical contactors. The measure obtained is that of the

fres surfacs velocity and hence of u +w where W = J‘odp/b, o being the

sound velocity and given by Vpr/bp)Sgc A%t a freo surface the pressure wave ia
reflected back ints the material as an.equivalent tension vmve., The unloading.
sxpansion ocours along an isentrople S, which is different from that of the original
entropy stateo For weak shock;'the difference 1s negligible but for wvery strong
shocks S, may lie in the liquidus or even guseous regiono In consequence u + W
mey become much larger than the ordinarily assumed approximation 2uc

It is essential to eomplete the measurements of this motion before
reverberationg ean ocour in the target plate, Otherwise one obtains a measure
not of u but of the momentun transfer from explosive to target? In consequence,
for our measurements, about eight contactors are spaced in an interval not more
than 2 or 3 mm distant from the bask surfuce of the plateo For the very thin
plates even closer spmocing is desired and tims resolutions are being sharpened
so that these measurements can dbe completed in the first millimeter of motionc
The positions of the contactor points are measured to 10““ em and are coated
with a noneconductor to prevent prb=contact conduction by ionized pases. Time
resolution obtained in these records is reprodusible to about a millimiarosecondo

An oscillograph record obtained from a lo25-inch cedmium plate is
showa in Fige Lo 4 plot of the data obtained from this plate is given in

Figo %o

In design and oonstfudtaon.of ﬁha-targ}ts it is necsssary to take

APPROVED "EOR PUBLT Cc RELEASE

UNCLAESIFIED

N



3 ¢

' L

APPROVED FOR PUBLI C RELEASE

R SRR & L
0o 0o 0ce cce 000 ot
o 8 -

iate comsideration the fact that the wave from the lenses is not flat but slightly
convex. FEach probe must also be placed in the target such that it lles in a
conical region unperturbed by rarefaction waves from the sides of the target and
from the other probesc Calculated sngles were verified empirically for steel

targets.
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Ao The data on physical properties of meterials are tabulated for aluminum,
cadmium, steel and tuballoy, as follows:

(1) Surface velocity as a funotion of thickness of material through whish
the shock wave has traveled, The values in general represent the mean of several
tests in which case mean square deviations are listedo These deviations are not
necessarily errors of meesurement but include alsou statistical fluctuations sush
a8 might arise from varistions in the plane wave lenses, in the pentolite cakes
(as nonparallelism of surfaces, imperfeet surfaces), in variable distortion of
photographic emylsions, in possible damage to targets during transp&rtationq Two
and sometimes three oscillographic records are obtained in each testo A least
square velue of slope is obtained from each record (see Figso L;5)0

A plot of surface velocity as a functipn of thickness for aluminum is
given in Figo To

If the elastic wave is obse;vable similar records are ootained for ito

(2) Mean values of the shock velocity over the thickness interval indicated.
In general the change in shock velocity over the thickness range here investigated
s 80 small that no serious attempt has yet been mande to wmeasure its variation,
with the exception of aluminum for wnich the effect should be most merkedo These
values have been obtained im the various ways just described (see Fizso 1; 2, 3)o

The obsserved velocity of the elastic wave for steel ls listedo It is
not known whether the differences indicated for cold rolled (1020) and SAE 4L43L0
have a real significanceo

(3) Pressure in the shoek wave (and the elastic wave for steel) at one

L L
or more pointse. * ° s e o

s ——
i %Rcwmw
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(1) as computed from u a
(1i) as measured with the crystal probes using steel a8 a calibration
nedium (see Figo 1)o
The computed values (1) will tend to be slightly high at 1.25" and low
a% 0.25" owing to the faot that the wvalue of D used will correspond to a somewha®
higher pressure for the first and lower for the second.

(i) Pressure versus compressiono

In addition to the tabulations a plot of these relations is also given

in Figo 6.

Bo ‘Explosives
Some of these date may be utilized in studying detonation of explosives,

as illustrated by Fige 7o In this figure free surface velocity of aluminum is

plotted as & function of thickness of material through which the shock wave hai
traversedo The very high peak in the detonation front, about 610 kilebars (kb)

in aluminum and corresponding toc L70 kﬁ in pentolite, 1s extremely narrow since

it has been completely degraded in moving through a quarter inoh of aluminum. The
relatively slow decay in the remainder of the shock wave is illustrated by the
marked discontinuity in slope. The pressure at 00.25" is about 292 kb, corresponding
to an HoEo pressure of 22, kbo The latter figure is the peak pressure one would
calculate for the detonation wuve assuning the ratio of heat capacities to be

threec. This is the value ordinarily assumed as peak pressure in the detonation wave
since the high narrow peak is not usually observed.

It would seem probable also that this high marrow front could account for

certein abnormal spall effects which hav rved in thin plateso
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ALUMINUM

Free-Surface Velooity

Thickneoss Noo of Mean obso. velo
inches Observo see
1.50 (5) 2oLl + 2028
Y = 70]‘55 o 2025»4 x
1.25 (13) 2,605 + 0020 > y: thicknessa inches
1.00 (3) 2:679 :;oobh x: veloocity, km/seco
0050 (6) 2,900 + o029
00234 (1) 2,96
00,220 (1) 3011
0-125 (2 3-35
0,119 (1) 3056
0-087 (1) 3034
0.065 (1) 416
. 0.005 (5) 6905 I 0014
Shock Wave Velooity
) Mean value through 1.25 inches: 7.L0 km/sec
Weighted means of three tests (see Figo 3):
(i) Initial ToL8 + 017
(i1) At 10 mm thickness 70385 + o052
(1i1) At 20 mm thickness 7029 + 11
Mean value through 25 wmm path Toll

Shook Pressure

?

Through 0025" material

Tarough 1.25" material

APPROVED ¥OR®PUBL
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From velocities P = 287 kilobars

P = 267

From orystals

From velocitiea'P = 265

From crystals P = 223
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ALUMINUM (continued)

Comgreasion

UNCLASSIFIED

Pressure aAV/Vo
kilobars Observed Theoretical Theoretical (correcte
(1LA~208) (La-385)
(2Lby) (-267)
255 o17h 0207 188
(268) 0161 0193
287 0193 0222 20l

(338)

222

o224
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Freo-Surface Veloclity

Thickness Noo. of km/éeo
inches Observo )
1.25 (3) 145

Shock Wave Veloolibty

Mean value through 1.25": 3.96 kn/ses

Shock Pressure

From velocities P = 2,8 kilobars

2 Through 1025" material
From orystals p =231 "

ComEression

Pressure \ aAN/Vb
kilaobars
Observed Theoretical Theoretical Corrected
(L4-208) (LA=385)
250 o183 2385 213

P UNCLASSIFIED
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Free Surface Velooitl

(A) SHOCK WAVE

Thickness Noo of Mean obs. velc

inches Observ,. km/seo

2.0 (3) 0.65 =2 -

105 (5) 0c98ly + oolg | ¥ = 2908 = 1:L83
1.0 (16) 1.376 1 o022 Yy = thiockness inches
0.5 (7) 1,628 + -03i x = velocity, seo

0.5 1.668

(B) LLASTIC WAVE
0.0667

Shock Velocity

SAE 1020 steel 5,09 lom/sec
Mean value through 1.25" material:

SAE 30 HT " s5.10 ¢

Sound Velooity

SAE 1020 steel 5,85 *
SAE 4340 BT " 5,92 "

Elastio Pressure

From velocities P = 15 kilobars

From orystals P =157 "

APPRO\'/E.Dz :f:(}?. F;UBLr C ;Z;EL EASE UNC‘.ASS‘HED
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STEEL (continued)

Shock Presaure

{INCLASSIFIED

From velooi

Through 0,25" material
From orysta

Through 10,25" material
From crysta

ComEreuion

ties P = %72 kilobars

1s p=32 "

From velocities P =223 "

1s  (ocalibration point)

=8V/Y,
Pressure R
kilovars Observed Theoretioal Theoretical (Correcte
—_— (LA~203) (1A=385)
(130) (0-06L)
(193) {0.09L)
223 0.109 0,096 0,091
330 0,163 0.125 00120

wrease  UNCLASSIFIED
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- TUBALLOY

Free Surfance Velooclty

Thickness No. of Mcan obs. velo
inches Observo 580
105 (3 0.839
10 ) 0950 + o0}
0.5 (8) 0.1l : =02

Shook Wave Veloclty

Mean value through 1.25" material (B8 observo) : 3037 + -0R km/seo

Shoek Pragsure

From velocities P = 354 kilobars
Through 0,25" mterial

From crystals P=34 "

. ) From velocities =280 "
Through 1.25" material

From crystals P=289 "

Compression

Pressura “AV/vo
kilobars Observed Theoretical Theoretical Corrected
IR - “{TA=Z08) (12-385)
(268) (-129)
280 0135 o1&y om
355 2163 o154 2187
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APPENDIX : TECHNILUES )

Crystal Probes and their Assoclated Circuitso Thin zecut circular

disos made from tourmaline crystals are uscd in measuring the pressure amplitude
in the shack waveo. Velocity of this motion is also obtained from the transit times
between two crystals placed one in front of the other ard offset so that the one
in front does not nerturb the one in backeo

The amplitude of the shock is given by p = Q/kA where Q is the charge
developed, K the "ealibratior constant™ and A the area of the plata.

The offective area A is somewhat uncertain because of perturbations from
the insulated regiocn: In consequence the value KA vas obteined from steel
targets under conditions identical with those for the other targetso

The basie cireult used in conjunction with the tournaline orystals
is given in Figo 9«

It may bo shown that if R, 1s made equal to the surge impedanse R,
of the gable and that if C) = thvog vwhere R is the cable resistance per unit
length und vy the velucity of propagation, then reflections are virtually
eliminated at the receiving end of the linec Indeed the value of Cl for short
longths of cable is not at ©ll critical, and may very by a fuctor of § from
the computed wvalue without serious effecctc It may be shown further that if
R262 = Rlcl, then an som-f¢ placed in series with Ce-will be received with

negliglble distortion at the oscilloscapa.

1) The design cnd utilizetion of thess piezoeloctric crystal and eleatrio contactor
circuits were developed elsewhore and described in various Bureau of Ships memorands
(1942=01))) and in Progress Report for 1942-43 on Underwater Explosion Tests. The
modifications made necessary for this work have been concerned primarily with
increasing the time resolution.

T UNCLASSIFIED
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Tho analysis upon which the above circuit is bused was tested empirically
as shown in Figo 10. The crystal capacity is neglected in this test which is
Justifiable, since the crystal cepacity 03 is less than -.0005 x 10"6 farads
whereas G, is about 005 x 16°% s is a morcury switch, whioh provides rapid and
reliable completion of the circuit. Gh and T furnish an auxiliary opulse to
start the sweepo The line to the sweep circuit trip must be shorter than the
me.in transmission 1lire in order that the signal will not arrive at the oecillocseope
unti)l the time buse is well under way. The square voltage step thus produced at
S appoars on the oscillosoope with a rise time of about 0,05 ps or lesso The
general appearance of the traunsmitted step is shown in Fige 1lo The discrepancy
noticed at A in the above sketoh can be compensated by shunting R, with a small
condenser and resistor in series. This rofinenent was not deemed nesessary,
however, in practiceo

The basic oircuit of Fige 9 wvas modified to that snown in Fige 120, The
latter provides mesns for attenuating the signal received and in addition inocludes
a device for calibrating the crystal cirouit: This is obtained by impressing a
known sharge Q, upon the systems The attenuator and calibrator switches arac
panged together so that the aitenuation end calibration are automatically adjusted

by merely setting to the charge enticipatods

Veloclity measuremsnts. Mcasurements are also obtaired from transit times

between a series of eppropriatoly spaced contactorss In this wsnnepr surface
velocitles have becn obtained from externally nluced contactors and shock velocities

from internally plecod contaotors. Two circuits have beem constructed esach of

which can handle eight probes.

1L —
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The eight external contacters used to measure the veloslity of the back
surface of tho target wore sot in a circle onochalf inch in diamoter, The points
of the contaotors were s arranged that they lay on a double helix; in this way
any assymetrical variation of surfaco velosity aoross the half-inch circle would
result in random variations from a smooth displacement-time ourve, instead of the
regular deviations »hich might be expected if a single helix tere used: The target
wa8 grounded eleotrioallyo whilo each contactor was charged to a potential of
about L5 volts by means of a batteryc. Targot and contactors were connested by
leads about 18" in length %0 & massive steel oylinder, which housed the electrical
squipment necessary to produce the desired signals and which could be buried near
‘the targeto The cirouit used apsears in Fige 130 It will be evident upon oxamina-
tion of this diagram that, whon any contact is olosed, & amll pulse of brief
duration will bo improssed on the coexial cables It will also bo noted that the
nixing network is so designed as to terminate the cable approximately in its
surge impedance of about 75 ohmso

Different combinations (A and B) of resistances and capacities were

usoed:

L70 N
0

150 AL
100K

"100 uufd
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The steepness of the pulse is limited by the risc time of the scope
amplifier and by the stray shunt capacitances and inductances between the ocone
tactor oircuits, The lJattoer is being eliminated by a svmewhat different oircuit
arrangoment now being investigated. Some progross has also been made in decreasing
the rise time of the amplifiers suppllied to useo

Design of Crystal Probes

Assembly details of ths cryatal probes within the target are shown in
Figso 15 and 150 In Figo 14 the crystal plate (C), together with an anvil (a)
in contact with its rear surface, are first installed in thé cylinder (S)o A and
S are of tho same meterial ae the targets Cylindor T and dise W of Fige 1§ |
are of bakeliteo T is used to insure that A is centered inm S prior te insertion
of insulation. The anvil is insulated from the cylinder by a mixture of finely
ground aluminum oxide and a silicon resin- This mixture is forced inte the
annuler cavity betwsen A and § under pressure. All parts are very carefully
fitted and assembledo Aftor wssembly the end of the cylinder and cryat.:;l are
lapped emooth before being prossed inte firm contact with the turget. The target
end oylindep ere connected to the ouber cond\;otor {shiold) of a coaxial cablsc The

anvil is conneoted to the immer canductor of the cable via a rosistanoeacﬁpaoity

netviork as describoed slsewhercs
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Fig. 1. Oscillograph records of shock-wave prorilo after moving through

~(i) 0.25% (b) 1.25% of SAE 4340 steel. (1) is cross talk from (o)

(2) 1s the lynchrdnuing time pip for the two records; (3) is the
ol.a.ltvic-wn‘.vo front; and (4) is the main shock front. Total sweep length
is 10 microseconds. Elastic pressure is 15.7 kb; peak shock pressure in
(b) 1s .225 kb; elastic volociﬁy is 5.85 .kn/ucs and shock velocity is

5¢10 km/sec. (Oscillations in shook feont.axne reverberations in crystal

pTObOI.) oo sos ces ese Seo oo
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cords of time pips obtained from internally

Fig. 2. Oscillograph re

piaced electrical contactors in an aluminum target for obtaining shoock

velooity as & funotion of thiockness of material. The first and last
contastors, namely (1) and (14), ocour on both records. Total sweep

time is 4 microseconds. fTotal path traveled is 2.3 om. The composite .

me-distance curve in Fig. 3
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Pig. 4. Oscillograph record of external contactors with 1.25¢

cadmium target. Total sweep time is 2 microseconds. Total pin

spread is 2 mfllimeters. A plot of the data from this record is

given in Pig. 5.
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Fige. 10 ¢ Circuit for testing cable distortion.
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Fig. 121 Crystal circuit with attenuator and calibrator units,
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