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ABSTRACT

s s

An experimental technique is utilized in which a light-gas

gun is used to laurnch flat impactor plates .to high velocities
(v 8 km/sec) at specimens suspended at the muzzle of Cche gun.
Impact-induced shock waves at pressures to v 5 megabars are
recorded and are used to determine the shock state in tle
specimen. The ability to launch unshocked, stress-fres :lat
plates over a wide and continuous velocity range, coupled

with the ability to launch impactor plates of the same material
as the target, results in hugoniot measurements of relatively
high precision. Measurements were made on Fansteel~%77 (a tung-
sten alloy), aluminum (2024-T4), copper (OFPHC, 99.99%), nickel
(99.95%), stainless steel (type 304), titanium (99.99%), mag-

nesium (AZ31B), beryllium (5-200 and I-400), uranium (depleted),
Plexiglas, and quartz phenolic.

those of other researchers.

The results are compared with

Deviaticn from linear shock velocity -~ particle velocity was 5

R R AP e T o oV e ST

found in aluminum beginning at ~ 1.0 megabars, probably attribu-
E table to melting in the shock front.
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B L g b
S ¢ INTRODUCTION

% , 3
-

oy by B Hik

Ao

This report describes the experimental procedures and
presents the results of the work performed under contract

e AN e

E . '% DA-18-001-AMC~1126(X). The work was sponsored by the U. S. ;
. Army Ballistic Research Laboratories, Aberdeen Proving Ground, §
?V ,§ s Aberdeen, Maryland, during the period June 1966 to June 1968. é
b ,g Very high pressure measurements were made to determine the f
3 E : hugoniot egquations of state of several metals, a composite 3
f Hg § and a plastic. Results of these measurements are compared ?
;  § f with measurements made by Al'tshuler, McQueen, Skidmore and .
%“—'§ E others. This work extends the scope of a General Motors 4
;ﬂ5'$ ’ sponsored research project reported carlier ! which described 7
*4 the use of a light-gas gun to obtain pressures substantially ;
’% above those reported by other researchers in this country.

The materials tested are copper (OFHC, 99.99%), nickel (99.95%), 3
titanium (99.95%), aluminum (2024-T4), stainless steel (type %
304), magnesium (AZ31B), beryllium (S-200), beryllium (I-400), 1
Fansteel-77 (90% W, 6% Ni, 4% Cu), uranium (depleted), quartz 4

phenolic, and Plexiglas (Rchn and Haas II UVA). Table 1 lists
the measured pressure range for each material.

Section II of this report presents a detailed description of
the experimental techniques employed for the determination of
the hugoniot equations of state. Data analysis is briefly
described in Section III, with the details presented in Appen-

dix A. Appendix A also describes and lists the data analysis

b oty scer btk g

gkt

( computer program SHOVEL used to reduce the experiment data. ;
‘ Included in Appendix B is a summary of the results of an error 4
analysis. :
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5 4
%' ; Experimental results and comparison with other experiments are
} }\ presented in Section IV. Section V contains a summary of the , i
%3 5 experimental results and conclusions. | g
.
¢ TABLE 1
. A
SUMMARY OF MATERIALS TESTED AND 3
PRESSURE RANGES EXAMINED
;
an PRESSUR: RANGE 4
. MATERIAL (Mb)
}' j Fansteel-77 0.3 - 5.0 A ?
- Copper (OFHC, 99.99%) 1.0 - 4.5 S
Aluminun (2024-T4) 0.5 - 2.2
Nickel (99.95%) 0.8 - 4.7 -
Stainless Steel (Type 304) 0.8 - 4.2 .
Titanium (99.95%) 0.4 - 2.7
Beryllium (I-400) 0.5 -
Beryllium (S-200) 0.3 - 1.6 3
Quartz Phenolic 1.3 §
Magnesium (AZ31B) 0.2 - 1.4 :
Plexiglas (Rohn and Haas, II UVA) 0.7 - 1.0 4
Uranium (depleted) 0.8 - 4.6

RN RSN e Th
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SECTION II

4
o
)
Y |
.

o EQUATION OF STATE MEASUREMENT

S

In the past two decades, high explosives have been used to

B

initiate compressive waves with amplitudes from tens of kilo-
bars to several megabars in many materials. High explosive
plane wave generators placed either in direct contact with

the material or in contact with a "standard" material upon
which the specimens were placed, were used to measure hugoniot
states to approximately 600 kilobars. Considerably higher
pressures were cbtained from explosive systems in which the

"
AL AR S SR ND, 2

trer

A3
et vt

high explosive was used to accelerate a thin flier plate
across a gap and then impact the specimen surface. In this
3 manner, pressures to approximately 2 megabars were generated
4 in materials of high density by McQueen and Marsh(z) of

Los Alamos Scientific Laboratory (LASL). Hart and Skidmore
increased the piessure range of these measurements to over

(3)

;
AT
R 47

w1y ol

-
R

ol
,

. 5 megabars, using a radially converging explosive system which
accelerated plates to high velocities at some expense in pre-

A

-
2

cision; the converging shock wave system adding complexity to
(4)

the analysis. Al'tshuler, et al, extended the range of

AN ATV
i

measurements to above 10 megabars, accelerating his flier plates
in an undisclosed fashion. Work in the United States has not

progressed above the 2 megabars reported by McQueen until this
E study, which provides an extension of lower pressure data to
over 5 megabars.

. For this study an "accelerated reservoir" light-gas gun was
. used to accelerate flier plates to velocities extending above
8 kilometers per second. This method of experimentation offers

i e,

. significant advantages over the explosive techniques previously

~
-,

5
AT e

s
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St ARG
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[

i
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4 »% used. Unshocked, stress-free impactors of similar or dissimilar e
%i':ﬁ material to the specimen can be impacted over a wide and con- ; 3'
?'*5 tinuous pressure range. Of significance is the simplicity of 3
§ "§ the calculation of the shock state in the specimen, using ' ;
. either symmetric impact assumptions or the measured hugoniot g
S( % of the gun-launched impactor. For experiments in which the ; ;
k5 shock is created in a standard by either direct contact with ! g
g ‘i explosives or on being struck by an explosively accelerated ?
ﬁ'vg plate, the hugoniot point is less readily calculable. 1In this é
- case, it 1s necessary to assume a form of the equation of state %
, for the standard in order to get the hugoniot point for the E'
'§; 3 specimen. %ﬂ
1 4
= 4 - 3
.' THEORETICAL CONSIDERATIONS ?
. 1
g fé The application of the principles of conservation of mass, f}
= momentum, and energy across a discontinuity have led to the . g
%‘ § well-known Rankine~Hugoniot equations. The equaticns were g
ifffﬁ derived originally for fluids, but may be applied to solids ;
§§,~§ when the pressure P, is understood to represent the one-di- 3
: i mensional stress normal to the wave front. These equations 5
2 i may be used to represent the discontinuous change of pressure z
. P, density p, specific volume V, and internal energy E, across ;
f : a shock front as they are related to the shock wave velocity %i
?‘ % US, and the particle velocity behind the shock front up, i
-‘ (Figure 1).
P~ P, = p U (1) o
E .
P U = o(US-up) (2) O
E-E_ = 1/2 (P + Pyl (V,-V) (3) %
- ¢ §
». .
B 3
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e

Thus a measurement of the shock wave velocity and the particle

velocity associated with the shock wave provides sufficient in- %
formation to calculate the chauige in the thermodynamic state §
of the specimen (assuming that steady state conditions prevail i
behind the shock front). E
Material At Material At 4

Shock Conditions: inttial Conditions : ;

p'l P'l u‘l E" polpluol Eo ;

.~

3> 4

Shock E:

Front b

Velocity = Ug 4

4 Figure 1  Schematic of Shock Wave Parameters 3
9

LT

A
PRSI R Yot AT

Although measurement of shock velocity is relatively straight-
forward, the measurement of particle velocity is more diffi-
cult experimentally. For this study, two techniques were used #
to calculate the particle velocity asscciated with a measured i
shock velocity. The first method applies by symmetry. For E
an impact of a specimen launched at velocity v ontc a specimen ?
of the same material a shock wave is induced with particle
velocity equal tc one-half the impact velocity, or

AR I PR,

X

up = 1/2 v (4)

et e e S

A R P T Y

.

)

LTSRN




ot Tt

MANUFACTURING DEVELOPMENT @ GENERAL MOTORS CORPORATION

MSL-68-13

To rigorously apply this condition, it is necessary that the

s IR AT LA BN B i (e PIEN AR st bt e B2 e ¢

- impactor and specimen be in the same thermodynanic state, E
LA . .
. l1.e., the impactor has not been shock heated nor subjected
é 3 to irreversible changes due to shock loading during accelera~ .
il<,§ tion. These conditions have been satisfied for this study. :
E i
1 : Since the impact velocity is measured with high precision s
e ) (customarily n 0.05%), the particle velocity also can be ;
\3‘Q; calculated with similar precision. A series of tests are i
| 1; k- conducted over a range of different impact velocities, the §
s 3
: highest pressure being obtained at the highest impact velo- 3
;‘ : city (about 8 km/sec). Each test furnishes a point on the §
N : . . §
A locus of final compressed states known as the hugoniot. :
1L i
§ g Figure 2 shows, in the pressure-particle velocity plane, a
T graphical description of the conditions of symmetrical impact. i1
T 8
E Symmetrical Impedance Match ‘
E Schematic .
S ( Simitar Materials ) ,,
:» 5 4
E. & "
< : :‘?
» ,
. Target ;
b 4 Hugoniot , H
b /
Reflectsd Impactor S
R Slopcw/ i
. . & e Us £q / Hugonlot 5
5 &
e - “:'\ Q‘ 3
.o / i
o // Particle i
/ Velocity Impact Velocity :
3 \up =12y ‘ N
3 Particle Velocity D
f 3 Figure 2 Schematic of Symmetrical Impact Analysis §
oy B % ! g‘
-
.3 6 5
:
%:
§ !
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To obtain pressures higher than those created by symmetrical
impact at the maximum launch velocity, it is poseible to im-
pact the specimen with a material of higher shock impedance
(defined as the product of the initial density and the shock
velocity) and to calculate the resultant particle velocity and
pressure by an adaptation of the impedance matching technique
developed by Walsh et al.(s)
ment of the velocity of the impactor material, the hugoniot

A e

With this technique, a measure-

TR

of which has been previously measured, is sufficient, when
combined with a measurement of the shock velocity in the speci-
men material, to determine a point on the hugoniot of the
specimen. Figure 3 shows an impactor of known hugoniot strik-
ing a specimen with velocity v. A single shock wave of velo-
city Us is induced in the specimen. The intersection of the
line pous and the hugoniot of the impactor, centered at velo-
city v, determines the shock pressure and the particle velocity
in the specimen.

Impedance Match Schematic
{ Dissimllar Materlals }

Target
Hugeniot Retlected
/ Impactor
\ / Hugonlot
/:

/

Pressure
w
¥

N

Particle Velocity

; Figure 3 Schematic of Dissimilar Materials
‘ Impact Analysis
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EXPERIMENTAL TECHNIQUES

The experimental determination of hugoniot equations of state
using the impedance match technique is based on the meas.re-
ment of the shock velocity in the specimen and of the velocity
of the impactor. With the technigues described below, these
two measurements can be made with precisions of approximately

0.5 and 0.05 percent respectively, resulting in hugoniots of
good accuracy considering the limited number of tests conducted
on several of the materials.

The light-gas gun range and basic instrumentation have been

(1,6,7,8)

described in several other papers and are again in-

cluded here for completeness of this report.

Launching Techniques

The gun used to accelerate the impactor is an accelerated-

reservoir light-gas gun with & launch tube bore diameter of
either 29 mm or 64 mm. This type of gun maintains a reason-
ably constant pressure on the base of the projectile during

the launch, allowing a relatively gentle acceleration of the
impactor materials.

Figure 4 shows the layout of the range. The gun consists of
the foliowing major components:

l. Powder chamber
2. Pump tube, 89 mm internal diameter by 12 m long
3. Accelerated-reservoir high-pressure coupling

4. Launch tube, either 29 mm internal diameter by
8 m long or 64 mm diameter by 8 m long

5. Instrumented target chamber and flight range.
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Figure 4 Layout of ARLG Gun Range

When the gun is loaded for firing, gunpowder is placed in the
powder chamber and the pump tube is filled with hydrogen. The

hydrogen is compressed by a plastic nosed piston which has been

accelerated by the burnt gunpowder. 1In turn, the projectile is

accelerated by the release of the compressed hydrogen through
a high pressure burst diaphragm.

Prior to firing, the flight range and instrument chamber are
evacuated and then flushed with helium to approximately 1072

Torr to eliminate any spurious effects due to gas build-up and

ionization between projectile and target. The sealing lips on
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the rear of the plastic sabot are pressed tightly against the
sides of the launch tube by the high pressure gas and effectively
eliminate blow-by of the hydrogen gas.

Careful attention to the condition of the launch tube is nec-
essary for successful firing in the high velocity ranges. Bore
linearity of better than 0.2 mm over the full 8 m length of the
launch tube is maintained. Internal diameter is maintained con-
stant to within 0.01 mm. Launch tubes are cleaned and honed

after each firing and are removed every 15 to 20 firings for
reconditioning.

Figures 5 and 6 show the instrumentation chamber designed for
the high pressure studies. This chamber is connected tec the
barrel of the gun through an O-ring seal to allow free axial
movement of the launch tube. The target chamber and target ai>
shock-mounted to prevent premature motion before projectile im-
pact. To facilitate this, several stages of mechanical iso-

.
e e P

lation have been arranged in the barrel, I-beam support struc-
ture and the concrete foundation.

The impact chamber is a steel cylinder of 61 cm O.D. and 1.5 m
length. Physical access and instrument ports are precisely
machined in a horizontal plane and in planes 45° above the hori-

zontal. Two stations of six ports each are accurately spaced
30.5 cm apart.

Operationally, the ports are closed against O-ring vacuum seals
with Plexiglas or magnesium windows for optical and x-ray access
or with steel cover plates.

10
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.gure 5 Torget Chamber Set-up with Continous
Wricing Streak Camera in Position
H
§ STATION
#1 STATION
#2
PHOTOMULTIPLIER DELAY

30 NANOSECOND EXPOSURE
FILTER : FLASH X-RAY UNIT

T

LAUNCH TUBE

,_ PROJECTILE 1] ol
- X-RAY CAMERA \TARGH ACCESS DOOR
- LASER TRIGGER SYSTEM
“ Figure 6 Top View of Target Chamber
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The impactor velocity measuring system consists of a laser trig-
gering system and two short duration ‘lash x—rays.(e) With this
system, impactor velocities are measured accurate t» 0.05%. The

i ok e vt

T e YAt L

triggering system consists of a neon-helium gas laser aimed at
a photo-detector across the impact chamber orthcgoinal to and
intersecting the line of flight of the projectila. A photo-
3" : multiplier monitors the laser lignt output througli a sei cf
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. masks and a narrow band optical filter. When light interrupticn
;.é occurs due to projectile passage, a sharp change of voltage level
: is converted into a signal of sufficient amplitude to trigger a
Field Emission Corporation 30 nanosecond dual flash x-ray unit.
; - 8 The x-ray flash exposes a Polaroid film plate on the opposite
»"Q; side of the chamber by means of a fiuorescing intensifier screen-
' The trigger and x-ray flash system is tien duplicated to record

s the passage of the projectile in the second field of view 30.5 om
' further down range.
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The spacing between the two x-ray field centerlines is indicated

by fiducial wires which are measured by an optical comparatur to

2
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SRR
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within 0.2 mm. Measurements of the impactor face position rela-
tive to the window fiducials allow calculation of actua.. pro-
jectile position and travel over the time interval measured be-
% tween flash expcsures. Figure 7 is an example of the shadow-

< g graphs of the two x-ray stations showing the projectile in free
3 flight before iampact.
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A second method is also employed to measure impactor velocity. -
The time interval between the first x-ray flash and the impact

of the projectile on the target is racorded electronically. The

impactor and target positions are measured from the x-ray shadow-
graphs and a velocity is calculated. Variations in measurements

between the two techniques are usually less than 0.05%.
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STATION #1

Figure 7 X-ray Shadowgraphs of Projectile g
Before Impact

The target is located approximately 60 cm from the launch tube 5

muzzle and is included in the #2 x~-ray field of view. Measure-

ments of the shock wave transit time in the target are made us-

ing four coaxial self-shorting pins as sensors. The shorting

of a pin results in a sharply rising current to ground which
é produces a signal across the time-interval-meter input tsrmina-
: tion resistors. The circuit is so designed that each pin signal
; can be seen on three output lines and is free of  any reflections E
: or ringing for several hundred nanoseconds. The individual cir- {
) cuits are "tuned" by the use of trimmer capacitors so that the 3

rise time of each signal is 1.0 * 0.1 nsec to 12 volts. Thus 4
: it is possible for the combined mechanical-electronic signal 4

system to make use of the * 1/2 nsec resolution of the time re-
cording instruments.

o
pe

a5 kst &

‘. The shock wave transit time-interval-meters are Eldorado Model
793 counters. These counters have a specified time resolution
of + 1/2 nsec and may be read digitally to the nearest nano-
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second. They require an input signal of 1 volt with a rise
time approximately 1 nsec. Although instrument stability is
specified to be one part in 104 for long term and five parts

in 10" for short term, in actual practice, the instruments are
calibrated prior to each shot over a period of about 10 minutes.

The shot is then fired within five minutes of completion of
the calibration procedure.

The planarity of the shock wave induced in the target is de-
pendent on the impactor flatness at impact. The impactor sur-
face is machine lapped and then hand polished flat to

0.5 x 10—3 mm. Tests performed with impactors of Fansteel-77
and OFHC copper indicate the surface curvature after launch to
be less than thaz 5 nanosecond time resolution of the optical

recording system at a launch velocity of 7 km/sec.

The impactor tilt relative to the target specimen front surface
is sensitive =0 lauich tube linearity and sebot alignment as
well as to target alignment. The capability to adjust the
target position and perpendicularity relative to the launch

tube centerliia by an optical technique brings the average tilt
at impact to approximately 0.005 radians (approximately 15 nano-
seconds of tilt at an impact velocity of 7 km/sec).

Because of the comparatively gentle acceleration of the pro-
jecti_e to its terminal velocity, the impactor plate is not
shock heated. 1In addition, free flight in an evacuated range
precludes aerodynamic heating. This accounts for the flatness
of the impactor after launch and significantly reduces the
complexity of the experiment. The estimated temperatures rise
during launch of the order of 1°C.

14
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TARGET DESIGN AND CONSTRUCTION

The 29 mm diameter of the launch tube places restrictions on
the diameter of the impactor plate and on the size of the speci-

men which are severe enough to require a thorough study of the

optimization of target dimensions. 1In general, it is desirable

; to operate over as long a time base as possible for transit time

measurements. However, the launch tube diameter controls the

allowable specimen thickness. For larger specimens rarefactions

from both the unconfined edges and free rear surface of the im-

pactor plate could overtake the head of the shock wave before

measurements have been taken. To determir2 the maximum speci-

men thickness which would still maintain an unrarefacted area
on the rear surface of the specimen on which sensors could be
placed to record wave arrival, the following analysis was used.

A typical estimate of the angle of intrusion of plastic rare-

| R . faction waves from the specimen edges, o;, is to assume that

; tan o, =1 (see Figure 8), and to ignore the elastic rarefac-

tion wave system. Although for many materials this assumption

is justified, for somes materials this criterion is inadequate;

C e g e

in particular, materials with a low Poisson's ratio should be
calculated more carefully.

R B 4

€

e e S S

e S L
,

The elastic wave velocity, Ce' is given by
= ‘/ 3(1l-v) _
Ce = Cp B vt CpK (5)

where v is Poisson's ratio and C_ is the plastic

o, o
POl SRR SR

AN A7
a3

e

wave velocity,
R which for strong shocks is a function of u_, the particle velo-

3 city. Existing experimental results indicate that v is a weak
-

oy
.
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Brass Mounting
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Figure 8 Schematic of Target and Inpactor

function of the shock strength.(6'9'lo) To a good approxima-~

tion, the elastic rarefaction angle, Uy is

2 172
2

tan a, = K tanzal + (Kz-l) S B (6)

Figure 9 is a plot of @, versus Poisson's ratio for the metals
listed in Table 2. The calculation assumes a value of tan

a; = 0.7, taken from the work of Al'tshuler(g), who notes that
for compressions greater than ~ 1.3, tan o, becomes essentially

constant at 0.70 * .03 and Us—ug is taken as unity - its maxi-
§)

S
mum value. Included in Figure 9 is a comparison of valv:s of

tan a, measured in this laboratory(lo) for copper, aluminum.
titanium and beryllium. As these measurements fall below the
calculated line of the minimum allowable design angle, it is
felt that eqguation (6) provides a reasonably conservative design
critera. In practice, the design angle is chosen several de-
grees larger than the values listed.
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Figure 9 Intrusion Angle of Elastic Edge Rarefaction

vs Poisson's Ratio

Impactor thicknesses were chosen to avoid rarefactions originat-
ing at the impactor free rear surface from overtaking the shock
wave until shock transit time measurements were complete. A
single impactor thickness was calculated which was adequate for
all materials and was used in all tests.

The target specimen was a machined and ground disc with the im-
pact and rear surfaces machine lapped and hand polished to a
surface finish of 1 microinch rms or better. The lapping pro-
cedure employed produced surface flatness within 7 10-3 mm.
Parallelism was maintained to v 10_3 radians. The thicknesses

of all specimens were measured to an accuracy of * 0.5 x 10-3 mm,

The target specimen thicknesses at the pin stations were mea-
sured with a Zeiss light-section microscope employed as a com-
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}\ ‘% parator. The use of the light-section mi.croscope avoids the
;~ i problem of an indicator marring the specimen surface since no i
- é physical contact is made with the surface. Rather, the vertical 3
1 -% position of a thin beam of light projected on the specimen is Iv
‘"; compared with the position of the beam projected on a labora- 73
: ‘é tory grade gage block and the specimen thickness is calculated. %
?’:? The basic features of the target design employed in this work i%
3 5 are illustrated in Figure 10. Two coaxial shorting pins were 3
) % passed by the edge of the specimen disk with their cap faces §
3 exactly in the plane of the specimen impact surface. These 2

pins were used to initiate the timing for the shock wave tran-

o e Nt R et S o
R At Au Tl LN

g sit time measurement and to measure impactor tilt in terms
3 of the time interval difference between their respective clo-
. § 4
{‘ sures. 1
SHEEE i
% il
{'.
‘x '
3
' L
»
-
T
.
. ’
|
S
o 4
e 3 @
] ?
S |
. £ .
£ 4 ;
E Figure 10 Photograph of Target :
3 B
?3 /’ 1
=
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. TABLE 2
‘j"'c ! CALCULATED MINIMUM DESIGN ANGLES
. OR MAXIMUM EDGE RAPEFACTION ANGLES
‘é . CALCULATED FROM EQUATION (6)
T Minimum
E . 3 Poisson's Design
A Material Ratio Angle, a,
-
£ 3 Aluminum «332 47°
I3 | Beryllium .055 58°
%’ Copper .356 45°
b7 Tantalum .342 46° ;
f% Tungsten .280 50° %
vf Uranium .402 43° ;
B Titanium .304 48° g
| Lead .430 a1° E
N i Magnesium .306 49° £
4 Nickel .300 48°
j: Steel (Mild) .290 49°
4 Plexiglas .327 47°

Two rear surface pins (or one, depending upon the target dia-
meter) were mounted in line with the tilt pins to record the
shock wave arrival at the rear surface. BAll four pins were

v,
ol g

gt o st &3
A B PR YOI M AR s A + e s+

mounted in a guide fixture which assured the proper geometrical
K { : spacing. The tilt pins were fixed in position in a dimension-
2 ally stable epoxy, while the rear surface pins were spring
loaded in place in the pin guide. The pin retainer and cable

bracket lent rigidity to the assembly to prevent accidental
damage to the pin shafts.

19
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The four-pin targets, in conjuncticn with the four Eldorado
5  ; one-nanosecond time interval meters, produced four values of

I the shock wave transit time. From these four values a sin~'~
2 shock wave velocity in the specimen was calculated and, by &
3 system of cross-checking, an indication of the precision of

the measurement was available.

E The degree of non-planarity of impact between target and impactor

§ E is calculated by comparing shock transit times recorded by the

j ‘2 counters started by each of the two front surface pins. The

E T; time difference between the shorting of the front surface pins,

f? E At, (which, when combined with the impact velocity, yields the

4 t? tilt angle, 0) is calculated from At, = ty c~ta-c = t1-p~ta-p’ |
§: E where tl_C is the time recorded on the counter started by pin #1 i
;N and stopped by pin C (Figure 10a). !
A i
P )
X For the highest velocity tests (7-8 km/sec), it was necessary

LTS

¥ to lighten the projectile by reducing the diameter and the thick-
ness of the impactor plate. The target designed for these high-
f est pressure shots had a slightly smaller diameter and thickness

v

: and was provided with only one coaxial shorting pin on the rear
L surface.

The coaxial self-shorting pins* employed in this work as sen-
sors consisted of a one millimeter diameter tube of brass sur-
rounding a teflon sleeve and a copper inner conductor. The
pins were connected to RG174 50Q cable by soldered joints and
1' ; were made self-shorting by the placement of a brass cap over

2 the sensing end, which left a small gap (on the order of 0.050
* ,002 mm) between its inner face and the flat end of the inner

B conductor. When a large amplitude stress wave reaches the cap

v

2 Al S Trii

face, the cap is set into motion and the gap is closed at the

Model CA-1039, Edgerton, Germeshausen and Grier, Santa
Barbara, California.
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The pin gaps were
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and the measurements were employed in the shock velocity calcu-
Figure

measured by x-ray shadowgraphy, of which Figure 1l is an example,

SRR
free surface velocity of the cap material.
lations for corrections to pin closure times.
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SECTION IIT

DATA ANALYSIS

The analysis of the experimental data obtai..c . ‘n the research
program is bas: " upon the impedance match solution for the
determination of particle velovity, pressure, energy and volume
of the shock state in the specimen. The requisite information
in the analysis is the shock wave velocity, the impact velccity,
and the hugoniot of the i:mpactor. A general description of the
method of data analysis is given here, with the detailed equa-
tions presented in Appendix A.

SHOCK WAVE VELOCITY

The measurements relevant to shock wave velocity are the target
thickness and the shock wave transit time interval. In order to
calculate the shock wave transit time, it is necessary to make
refinements upon the recorded time interval.

Two sources of refinement to the measurement are:

(i) Inclusicn of the effects of shock wave tilt resulting
from prn-planar projectile impace on the target.

(ii) Correction for the differences of closing times of
coaxial pins with different gaps, which involves:

(a) Calculation of the interaction of the
impactor with the two front surface pins

(b) Calculation of the interaction of the

specimen material with the twc rear sur- i
face pins.
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To calculate the closing velocity of the cap for the direct
impact of the projectile material on the front surface pins,
an impedance match solution is applied, using the impact velo-
city, the hugoniot of the impactor and the hugoniow of the cap

material {(brass).

The pin gap correction for the interaction of the rear surface
pins and the specimen is based on the impedance match solution
of the shock wave in the target being transmitted into the pin
material. The hugoniot of the specimen must first be estiated
to provide the necessary constants. The shock transit time is
first calculated with no pin gap corrections and a preliminary
hugoniot point is determined for the specimen. This hugoniot
point is then used to calculate pin interactions and, through
a series of iterations (usually two) the preliminary hugoniot
point is modified until satisfactory convergence is reached
(differences < 0.01%).

IMPACT VELOCITY

Measurement of impact velocity has been discussed earlier under
"Instrumentation". Th: flash x-ray system-used furnishes high
precision velocity determination providing the projectile main-
tains a constant velocity during the time of measurement. A
check on this premise is provided by the seconding system which
measures velocity over a longer baseline. No evidence of pro-
jectile acceleration or deceleration during its free flight

has been observed.

HYUGONIOT OF THE IMPACTOR

Measurement of impactor hugoniots for tests in which specimens
are impacted with dissimiliar materials are discussed in the
following section "Experimental Results".

23
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kL3 SECTION IV
EXPERIMENTAL RESULTS
L
i {f,; The experimental work effort was first concentiated on the
3 J!E measurement of the hugoniots of the three materials to be used

as impactor plates for dissimilar material impacts. The ma-
3{  3 terials were chosen to (i) cover a range of shock impedances,
>;ﬂ1‘a (ii) be easily obtainable and consistent in their material pro-
=} perties from batch to batch, and (iii) to coincide with stand-
ards chosen by other laboratories. The materials investigated
were Fansteel-77 (a tungsten alloy), OFHC copper, and 2024-T4
aluminum. The ratio of shock impedances of the copper and
Fansteel~77 with respect to the aluminum is approximately 1:2:4.
These three materials were more thoroughly investigated than
the remaining materials sc that errors in the impedance match

solution for materials impacted by these standards would be
minimized.

A typical test series for the determination of the hugoniot cf
a specimen material, for instance nickel, began with a series
of shots using nickel for both impactor and target over the
full velocity range of the gun. To obtain pressures higher
than those created by like~like impact at the highest velocity,
the series continued with impacts using a material of higher
impedance than the specimen; in the case of nickel, Fansteel-77
was used. Impact velocities were adjusted to space the shots
over the pressure range to be investigated.

In the following section, the experimental data are presented

in tabulated and graphical form. Fits to the shock velocity
vs particle velocity data have been made by the method of least

24
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squares and are listed for each material. The tabulations in-
clude measured and calculated parameters and an indication of
the "weighting factor" used in the least square fits. 1In
general, test results were weighied according to whether the
target had sirgle or double pins, the double pin targets gen-

erally having a higher weighing factor due to the redundant
measurements of shock wave velocity.

The tabulated data also include the impactor material and the

impact velocity. Additional figures are included to illustrate
comparison with other researchers.

FANSTEEL~77

Fansteel-77, a tungsten ailoy composed nominally of 20% tungs-
ten, 6% nickel, and 4% copper was employed as the standard for
the highest pressure tests. Fansteel-77 was chosen over pure
tungsten because the metallurgical structure reduces the brittle-
ness of the material (which can cause plate fracture during
launch) while maintaining high strength and density.

In the initial work the quality control of the Fansteel-77
stock material presented several problems. The material is
produced by powder metallurgical techniques which include
pressing and sintering of a billet of the material. The
porosity of the surface of the billet was found to be scmewhat
dependent upon the compacting pressure prior to sintering.

The core of the billet, however, was found upon metallographic
examination to exhibit essentially no porosity, and sample to
sample variations in density were less than 0.5% when the out-

side 1 mm was removed from a 50 mm diameter bar. The chemical

and physical properties of Fansteel-77 are presented in Table 3.
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TABLE 3
CHEMICAL AND PHYSICAL PROPERTIES

OF FANSTEEL-~77

Chemical Properties

Element Wt %
W 90 +.,1
Cu 3.8 £,6
Ni 6.1 £.2

Physical Properties

Yield Strength (0.2% elong.) 85,000 psi (min)
Ultimate Tensile Strength 98,000 psi (min)
Density 17.01 + .01 gm/cm3
Poisson's Ratio: 0.286

*
Acoustic Velocities : Longitudinal, C1

= 5.049 km/sec
Shear R Cs = 2.765 km/sec
= 3.912 km/sec

Bulk ’ Co

Ultrasonic tests were performed by J. Havens and
R. Linygle of this laboratory.
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The test series on Fansteel-77 resulted in a hugoniot over the

pressure range .35 Mb to 5.0 Mb. Symmetric impacts were used

on all tests so that particle velocity may be assumed to be
one-half the impact velocity.

R I 0 A%
SO Ve 2P A M LA S KA P53 el Siai

Both second and third order fits
were made to the data; however, the linear relationship
Uy =C+ Sup describes the data with the root mean square (RMES)

deviation not significantly larger than the higher order fits.
The relationship is given by:

SpleeRderytd g

]

e LT SR S BN s B0 9 Yt

Us = 4,008 + 1.262 up km/sec

i

gy

RMS deviation of Us was * 0.021 km per second for the seventeen
data points.

The results are presented in Table 4.

u lane :
D P

The data points taken are displayed in the Us vs
In one shot the velocity was not measured :

in Figure 12.

directly with the x-ray system and instead was calculated
from the gun firing parameters.

Estimates made in this man-
ner are quoted with standard errors in velocity of * 2%.

R B A

’ In Figures 13, 14 and 15 are displayed the data for Fan-
: steel-77 compared with the data obtained by researchers of

the Ballistics Research Laboratory of the United States Army,
*
. 4 ’ Aberdeen Proving Grounds and the data of Hart and Skidmore(B)
‘ - 5 N . »
B for a tungsten alloy similar to Fansteel-77.

PIRES INREE R 7

T

. The Ballistics Research Laboratories data are in excellent

‘ . agreement with the results obtained here. The hugoniot mea-
| .

| ‘. sured by Hart ar® Skidwrure has the quadratic form:

- - 2
Us = 2,95 + 2,47 up 0.342 up (km/sec)

* . . . :
Mr. George Hauver, private communication.
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and falls below the present data at lower values of upe This
behavior is not readily explainable since the intercept of

the liunear £it to the present work, CO = 4,008 km/sec., is in
agreement with the bulk sound velcecity measured ultrasonically,

Co = 3.912 km/sec.

It is interesting to note that tlLe hugoniots for pure tungsten
(as measured by LASL) and for Fansteel-77 are quite similar,
the LASL linear fit Zor tungs*en being given byv:

US = 4.029 4+ 1.237 up km/sec

although the density of the tungsten is 13% higher than that nf
Fansteel~-77.

OFHC COPPER

OFHC copper of 99.99% purity is employed as a standard for

the intermediate and high pressure ranges in the hugoniot
experiments of a number of laboratoriec. Physical character-
istics of the copper are described in Table 5. The results of
twelve tests are presented here in Table 6. The linear fit to
the data in the Us - up plane is given by:

U, = 3.964 + 1.463 up km/sec

~

Root Mean Square Deviation of Us = + 0.009 km/sec for 12 data

points. The hugoniot equation recently published by LASL(lZ)

is given by:
US = 3.940 + 1.489 up km/sec

in close agreement with the present results.
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TABLE 5
CHEMICAL & PHYSICAL PROPERTIES
*
OF OFHC COPPER

Chemical Compecsiticn

Element Wt %
Iron 0.06053
Sulphur 0.0025
Silver 0.0010
Nickel 0.0006
Antimony 0.0005
Lead 0.0006
Copper Remainder

Physical Properties

Density 8.930 gm/cm3
Poisson's Ratio: H.332

4.757 km/sec
2.247 km/sec
3.99 km/sec

Acoustic Velocities: Longitudinal, Cl

Shear , C
Bulk R CO

]

* Based on mar.ufacturers specifications.
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The data are presented in Figure 16, which now jncludes a leyend
to indicate the impactor material used. The use of different
impactors provides a good method for cross-checking the hugoniots
of the standards as suggested by McQueen(ll). The hugoniot es-
taplished by Fansteel-77 impacting copper is indistinguishable
from the copper on copper tests. This both checks the accuracy
with which the Fansteel-77 hugoniot was determlned and provides
addltlonal confidence in the use of impedance matching tech-
niques as used in this experimerntal system. A single test was
conducted using 2Q24nalumihum as an impactor. All tests were
used in the calculation of the fit giﬁén above. The resulting
hugoniot displays a very small RMStééviation, (v 0.1% in shock ~
velocity). o : "

.- Flgures 17, 18 and 19 compare the present data w1th the data
' of Al'tshv,ler:(9 13), Walsh(S) -and McQueen(Z). Agreement within

~ 2% in the linear fit was obtalnea/(l:e., the reported shock
 velocities are within " 2% of the values predicted by the pre-

sent linear fit).

A close examination -of the data indiéatés a Shgll (< 1%) devi-

ation from a linear fit beginhing at uP =~ 2.4 km/sec. It is
- - likely that this deviation is associated with melting in the
Sa s k front (see the follow1ng dlscu851on or. 2024-T4 aluminum).
- This phenomenon w1ll be dlscussei _more fully in a forthcoming
. report. -

2024-T4 ALUMINUM

The hugoniot eperiments performed on 2024=T4 aluminum extend
over & pressure .range of 0.45 to 2.2 Mb. Fourteen tests were

* conducted, employing the following 1mpactors~ Fansteel-77 -

5 tests; OFHC copper - 5 tests; and 2024-74 aluminum - 4 tests.
In addition, Shot No. 98 from the series on copper is included

- : 36
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'Figure 17

Shock Velocity vs Particle Velocity for Copper
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k. MSL-68-13
b as a creoss-check by reversing the impactor and specimen materials
} f;' and impacting an aluminum plate into a copper target. If the
' ; hugoniot of theé  copper is assumed to be known the state in the
E?%’ g aluminum may be calculated.
¢ ]
? : 2 The chemical and physical properties of 2024-T4 aluminum are
? ff tabulated in Table 7 and the data are presented in tabular form
i % in Table 8. The méasured initial density of the aluminum was
- 2.783 + .001 gm/ém’:
4 % Figures 20 and 21 are a plot in the U, - u plane of the ex-
-4 % perimental results. The linear fit is from LASL, Reference 22.
i Q % A departure from linear behavior is seen, beginning at
: ; ' g - Up > 3,5 km/sec (P >~ 1 megabar), where shock velocity €alls
;{ E~ below the line représenting a linear fit to the data. Although
. the data shows scatter, it is felt that the trend of the data
§ ? ,§ f in this region is beyond experimental error. The linear fit of
2 g LASL, U, = 5.328 + 1.338 up, to data below this pressure range,
E ig ; was compared to thgxpreéent data by calculating deviations of
2 W the data from this. fit. The deviations are plotted in Fiigure 22
,g ; along with other high pressure data from Russidan researchers.
§: ;,' Only the ten tests showing least internal scatte. and tilt are
- * plotted.
% _ ?? 3 Urlin‘ls) has proposed a model for melting in the front of a
4 '% { shock wave and predicts an observable effect on the linear
<§* r? : Us - up relation. For aluminum the melting is calculated to -
% g ] begin at éppfoximately 1 megabar. The present data follows
? ‘% the trénd predicted by Urlin, although whether melting, ex-
; g : perimental inaccuracy, or other phenomena is the explanation
g ,r§ %‘ for the large deviations found between U, = 3.5 to 4.5 km/sec
. remains to be verified.
% i ' The comparison of hugoniot data from other‘workers(9’13'14’16)
i 'f 5 is shown in Pigures 21, 23 and 24, and displays the area of
2 . divexgence.
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5 If all the present data points are combined the data may

3 A be represented by the equation: T

k3 - «i

- g U_ = 5.471 + 1.3 o
3 g = 5:471 + 1.310 u |

1

3 Root Meah Square Deviation = * .022 km/sec for 11 data r.ints..
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TABLE™7
CHEMICAL & PHYSICAL PROPERTIES
.k
OF 2024-T4 ALUMINUM

5
By
s

3
5%
3
%
2
o
2
s
o
8
74

fe N ol ot dne S S 4 st
3 & B e ot b AL ety ST phdes S £ 9RO

1 Chemical Composition ) |
g 3 '
E Element Wt 8
g
. Silicon 0.5
k. & Iron 0.5 e
. Copper 3.8 - 4.9 i
E Mangan..se 0.3 -~ 0.9 4
T Magnesiun 1.2 -1.8 3
. Chromium : 0210 E
I Zinc 0.25 o
A Aluminum Remainder 4
i G A
. 4 ’ i
S Physical Properties b
= Yield Strength 47,000 psi £
B Ultimate Tensile Strength 68,000 psi B
S Hardness (Brinell No.) 120 9
. . o i B
. Density (measured) . 2.783 g_m/cm3 L
k& Poisson's Ratio: 0.332 b
; 'Z Acoustic Velocities: Longitudinal, Cl = 6.38 km/sec ?
? ;f Shear ¢+ Cg = 3.20 km/sec E
. Bulk » C, = 5.20 km/sec -
v g * . Py s o2 2 ¥
. Based on Alcoa Aluminum Handbook and specimen certification. 4
E 4
B
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. TABLE 9

. \
.o - CHEMICAL AND PHYSICAL PROPERTIES OF DEPLETED URANIUM

3 . N

k. |+ Chemical Properties

4 Elément wt_(ppm)

E Aluminum 9

i Boron 0.3

P Cadmium 0.3

5 Chromium 3
Copper 8
Iron 10
Magnasium .2
Manganese 15

9 Molybdenum 2

;ﬁ Nickel 20

i Lead 1

E Silicon 40

3 Samarium 1

i Uranium wt % 99.8%

Physical Propérties:

Yield (0.13 elongation) 47,250 psi

Tensile Strength " 124,000 psi
| Density (measured 18.951 gm/cm3
Poisson's Ratio: 0.402

Acoustic Velocities: Longitudinal, C, = 2.97 km/szc
Shear v Cs = 1.20 km/sec

Bulk ’ Co 2.63 km/sec
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MANUFACTURING DEVELOPMENT ¢ GENERAL MOTORS CORPORATION

MSL-68-13

NICKEL

Five tests were performed to obtain hugoniot data for nickel.

Three of the tests emplnyed nickel impactors and two impactors
were of Fansteel-~77. The nickel was purchased under specifi-

cation ASTM-~B-160-61 as 29.5% purity. The chemical and mech-

anical properties of the material are listed in Table 11.

3
3
e

5
v‘;'
3
'.

3

P

S,

2
AR o
e, T——————r sy o

The experimental data are tabulated in Table 12 and displayed

in Figures 28, 29, 30 and 31. The least squares linear fit to
the data is:

sy A R e T

US = 4,456 + 1.555 up km/sec

235k

Root Mean Square Deviation = % 0.012 km/sec for 5 data points.

SR

él! The data of McQueen and Marsh(z), Walsh(s), and Al'tshuler(ls)
: are also displayed in the figures and show reasonable agree-
ment with the present data. The data of Al'tshuler extends
over a wider pressure range (1.1 to 9.2 megapars) than the

b £ ‘General Motors data. The Al'tshuler data is best fit by a
k- quadratic curve:

G iin el

- _ 2
Us = 4,370 + 1.775 up 0.047 up km/sec

2

b2
e
H

Sigma Us = 0.008 km/sez for 4 data points.

s ik
- E)

Giset stk ey

55

~ B S - [ e o s 2O s AR
. el bt e S T iy Zns S AT
P L, AN G SO T i R L TR
I SRR At ik 11 Bt AN Koy W BT SRR A




hiaragucional

SR80 Siiid s ettty s o o

i g

S

TR 0

i ARTRRALE Gk S,

v

MANUFACTJRING

MSL-68-13

DEVELOPMENT

TABLL 11

® GENERAL

MOTORS

CHEMICAL AND PHYSICAL PROPERTIES OF NICKEL

Chemlical Properties

Element

Carbon
Mangancse
Iron
Sulphur
Silicon
Copper
Nickel

Physical Properties

Yield Strength
at 0.2% Elongation

Tensile Strength

Density

Poisson's Ratio:
Acoustic Velocities:

Weight %

0.1l
0.26
0.09

0.005

0.02
0.02
99.47

82,500 psi

89,000 psi

8.864 gm/cm3

Longitudinal, Cl =
lcs=

Shear
Bulk

56

v C,

0.300

5.76 km/sec
3.08 km/sec
4.53 ka/sec
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TYPE 304 STAINLESS STEEL

The composi’. .on and n."chanic: 1 yroperties of Type 304 Stain-
¢ 's Steel are presented in Table 13. The measured density
is 7.905 gm/cmj. The hugoniot data over a pressure range of
0.8 tr 4.3 megabars\are listed in Table 14 and are presented

graphically in Figures 32, 33 and 34. The linear hugoniot
fit is given by:

Us = 4,722 + 1.441 up km/sec

Root Mean Square Deviation of U_ = + 0.023 km/set for 4 data
points. . )

Also displayed are the data from the U. S. Army Ballistics
Research Laboratories‘!?) for com.arison with ﬁhéiégesent
results. Although the pressure ranges tested are bafely over:
lapping, the extrapolation of the present dat to lower pres-

sures is in reasonable agreement with the Ballistics Research
Laboratories results.
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TABLE 13

f.‘.j il 3 SR R

CHEMICAL AND PHYSICAL PROPERTIES OF TYPE 304 i

o

STAINLESS STEEL

I

Pomerr o S i e

Chenical Composition

SR et it o

Element Weight % %
Carbon 0.065
Manganese 1.62 3
Phosphorous 0.029 i
Sulphur 0.028 7
Silicon 0.49
Nickel 8.80 7
Molybderam N.14 -
Copezr 0.17 E
Iron: 69.86 %3

Other (CO) 0.070 3

o

P

Mechanical Properties

Yield Strength 55,000 psi

(it

Tensile Strength 90,500 psi
Hardness BHN 192

Sre, SR AR
St Pl Suiial s

Density 7.905 gm/cm’

R .

Poisson's Ratio: 0.290

SaEHE

Acoustic Velocities: Longitudinal, C1 = 5.74 km/sec
Shear ¢ C_ = 3.12 km/sec
Bulk 4.47 km/sec
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TITANIUM

Three hugoniot tests were performed on titanium over a pressure
range of 0.4 to 2.7 Megabars. The chemical and physical proper-

ties of the titanium samples are listed in Table 15. The hug-
oniot data are presented in Table 16 and in Figures 35, 36, 37
andé 38. The linear fit to the hugoniot is given by:

US = 4,692 + 1.126 up km/sec

Root Mean Square Deviation of U, = ¢ 0.014 km/sec for 3 data
points.

In the figures are grarhical comparisons of the data of
Krupnikov(ZO), Walsh(s), and LASL(IZ)
WOTN . )

with the present

Krupnikov: U

s 4.8 + 1.11 up km/sec (0.8 to 2.8 Mb)

Walsh: U, = 4.590 + 1.259 up km/sec (0.7 to 1.4 Mb)

LASL: U

s 4.877 + 1.049 up km/sec (0.8 to 1.1 Mb)

A surprisingly large spread in slope and intercept is seen,

consolidation of all the data above yields a linear fit:

U = 4.695 + 1.146 u
s P

koot Mean Sguare Deviation of Us = + 0,045 km/sec for 13 data
peints, deviating but very little from the General Motors
data alone.
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TABLE 15 !

CHEMICAL AND PHYSICAL PROPERTIES OF TITANIUM

Chemical Composition

Element

Carbon
Nitrogen
Iron

Oxygen
Titanium

Mechanical Properties

Yield Strength
at 0.2% Elongation

Tensile Strength

Density

Poisson's Ratio:
Acoustic Velocities:

Weight %
0.02 o
0.010
0.25

0.115 - 0.123
99.690

50,000 -~ 55,500 psi

75,600 - 76,300 psi
4.508 gm/cm>

0.304
Longitudinal, Cl = 6.118 km/sec
Shear » Cg = 3.246 km/sec
Bulk R Co = 4.83 km/sec
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' BERYLLIUM

2
o Y,

'Hugohiotnexperiments were performed on two types of beryllium,

desighated as S-200 and 1-400, having nominal compositions of
2% and 4% BeO respactively.

The chemicai and physical properties of the beryllium speci-
mens as furnished by the supplier, Brush Beryllium Co., are
listed in Table 17. The specimen preparation presented some-
what of a problem in that dust and small fragments of the
material are considered toxic. All polishing and lapping of
samples were performed in closed and vented work areas.

. kA Tt
AP P s I B TS P ) O b e &

IS

The beryllium presented the most difficult case for accurate
hugoniot measurements with a restricted target size because

the elastic release wave velocity is rela*ively high and the
target thickness is thus necessarily less than that for other

materials. (See Figure 9 for the maximum angle of intrusion
of the side rarefactions).

7
3
s
-
=i
3
-
N
%
o

SR

The hugoniot data presented in Table 18 include seven tests
on S-200, the material of major interesti, and one comparison
test on I-400. The impactors for the test series were OFHC
copper . (3 tests) and Fansteel-77 (5 tests). The data are
presented graphically in Figures 39, 40 and 4l1. A linear
fit was made to the data for the S-200 beryllium:
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Us = 8.390 + 0.975 up km/sec

ety SO

Root Mean Square Deviation of Us = t 0.017 km/sec for 7 data s
points. :
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f; Mechanical Properties (é
- ; Yield Strength 56,000 psi 37,500 psi }{
e ] Ultimate Tensile =
§ '% Strength 66,700 psi 57,700 psi 4
- Density 1,881 gm/cm®  1.857 gm/cm’ E
E‘ % Poisson's Ratio: 0.055 E
g' 'E Acoustic Velocities: Longitudinal, C; = 12.83 12.916 %u
L Shear ) Cg = 8.80 8.86
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TABLE 17

CHEMICAL AND PHYSICAL PROPERTIES OF S~-200 AND
I-400 BERYLLIUMS

Chemical Composition

Material

Beryliium Oxide
Carbon

Iron

Alunminum
Magnesium
Silicon
Manganese
Beryllium
Other

I-400
we. %

3.96
0.18
0.16
0.04
0.02
0.04
0.01
95.77
0.10

Bulk ’ Co = 7.83

76

§-200

WE..%
2.00
0.126
0.163
0.054
0.035
0.080
98.18
0.04 max

7.87
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MATERIAL - BERYLLIM
8 -
ST
@ S-200 BERYLLIUM GM Py ™ 1.851
8 € 1-400 BERYLLIUM GM o ™ 1.881 |
< W asy (rzr. 12) Py * 1.850 i
%?
T 1
0 = ) 1
< \
\
i
e x ]
ko U3
3 0
ki 27
-fg 3] 1
f§ <
= o
ST T
=
=1 !
L
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: SPECIFIC VOLUME - CC/GM
: Figure 41 Pressure vs Specific Volume for

Beryllium
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The I-400 beryllium is slightly more dense (v 1.3%) than the

§~200 beryllium due to a greater percentage of the heavier
beryllium oxide compound. The data point is slightly above

} | the fit of the 5-200.
1 . , (12) : -
. A comparison of the data with that of LASL on a beryllium 2
7 of similar BeO content shows a significant difference in the §
slopes of two linear fits, the- slope LASL's data indicating gx
a somewhat "stiffer" hugoniot than the present data /
(Us = 7.998 + 1.124 up). The reason for this difference is e

difficult to determine. The possiDility of edge rarefactions %
affecting the measurements on the GM specimens was checked by
firing several tests with specimens substantially thinner than
the value dictated by the analysis in Section II. No signifi-
cant differences in the measured valuess were noted.
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AZ31B MAGNESIUM

Four hugoniot tests were¢ performed on AZ31B magnesium tooling
plate (p° = 1.773 gm/cm3) material. The nominal composition
of tir. material is Mg 96.0%, Al 3.0%, and Zn 1.0%. The data
shows more scatter than was found in tests with other metals.
The hugoniot data are presented in Table 19 and in Figures
42, 43 and 44. The hugoniot is described by the linear
equation:

Us = 4.551 + 1.209 up km/sec

Root Mean Square Deviation of Us = t+ 0.083 km/sec for 4 datsa
points.

The figures compare graphically the measured values ‘rith the
AZ31B magnesium data of the LRL Compiler(Zl) and the data on
99.5% pure magnesium by LASL(lZ). Linear fits to thz o:iber

data are:

g = 4-516 + 1.256 u, km/sec (LASL, p, = 1.745 gm/cm’)

<
¥

]
L

= 4.648 + 1.198 u, km/sec (LRL Compiler, p_ = 1.78 gm/cm>)
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PLEXIGLAS

; The Plexiglas tested was identified as Rohm and Haas Type I1I
UVA. Only two tests were performed, which cerved to provide
a check on the extrapolation of the data of Hauver(23) taken
above the phase transition at ~ 0.2 megabars, (line A of Fig-
ure 45) into the higher pressure region investigated by
Bakanova(23) (line B). The data are listed in Table 20.
Fits to the above data are

U

s 3.51 + 1.25 up km/sec (Hauver) (2.8 < up < 3.5)

Us

3.10 + 1.32 u.P km/sec (Bakanova} (3.0 < up < 8.0)

Figures 45, 46 and 47 display the present data as compared
to that of Hauver and Bakanova with the line representing
Bakanova's data between 3.0 < up < 8.0 km/sec. The ?wo
data points determined in the present work are in good
agreement with the data of Bakanova (difference in shock
velocity less than 0.4%) and also are in agreement with
the extrapolation of Hauver's data (difference in shock
velccity of less than 2% at a pressure of 1.0 megabar).
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QUARTZ PHENOLIC

A single test was performed to locate & very high pressure
point on the hugoniot of guartz phenolic. Lower pressure work
wag performed at this laboratory under Contract AF04-(694)-807
under directorship of the U.S. Air Force Ballistics Systems
Division and is reported in Reference 25. All of the data are
listed in Table. 21 and are displayed in Figures 42, 49 and 50.

A phase change in clearly evident beginning at a pressure cf
n 0.2 megabars. The data point obtained is on the higher pres-
sure phase of the hugoniot.

The lineur fit to the upper portion of the hugoniot is given
by :

Us = 1.949 + 1 364 uP km/sec

Root Mean Square Deviation of Us = + 0.016 km/sec fcr 5 data
points.

The initial density of the quartz phenolic is 1.80 gm/cm3.

The properties of the high pressure phase suggests that this
may be related to the propesties of quartz under high pressure,
i.e., the high pressurz polymorph-stishovite(7’26); The tests
were made with layup directions of the quartz cloth in the
phenolic matrix both parallel and perpendicular to the shock
front, but orientation effects on the wave velocity are ap-
parently negligable at these pressures.
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SECTION V

SUMMARY

~ -
STAR P s iy

The research program has resulted in the relatiwvely high pre- ;'

cision determination of the high pressure hugoniot equations

of state of eleven materials. The estimated error for shock 3
i velocity measurements with the experimental system was 0.2%
to 0.6%. Estimated error in calculation particle velocity
was 0.05% for like-like impact, but somewhat higher for
dissimilar materials impact (see Appendix B).
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T DR
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L

Table 22 summarizes the results of the experimental program in
terms of the constants of the linear hugoniot equation

eIt

US = Co + Sup. Also included are the pressure ranges mea-
sured and the RMS deviations of the measurements. Figures
51 and 52 show the data points obtained, displayed in the
P vs up plane. )

LA

N LT T QAT et

S

T

Comparisons have been made of the data with that of other
researchers. Space does not permit the inclusion of all
data available for comparison and the data quoted is selected
principally on the basis of pressure ranges studied and simi-
larity of the materials in terms of density and composition. i

The onset of melting in the shock front is evidenced by only 2
very small changes in the measured parameters, shock velocity ;%
i and particle velocity. Accordingly, very accurate data are -

; required to substantiate theoretical predictions of the melting
phenomenon. Although the linear fits to the high pressure data
reported here are useful for calculating shock wave propagation,
it is likely that several of the materials experience melting

N e e e wd A

at the higher pressures, and the linear approximations become
less accurate. 3
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CONCLUSIONS AND RECOMMENDATIONS

The research program has, by the attention to detail necessary
to produce high precision measurements in multimegabar hugoniot
determination, provided the opportunity to work out the diffi-
culties and reduce the errors in a relatively new experimental
system, the use of a light-gas gun for shock wave measurements .
Although some problems still remain, the light-gas gun system is

now better developed and more efficient than when the program
began.

On the whole, good agreement was found with the data of other
investigators. However, severalvinterpretive problems are
still unresolved. The behavior of the aluminum élloy 2024-T4
in the pressure range n 1 megabar should be investigated fur-
ther. The small differences in the slopes of aluminum and
copper as-measured by gun-launched impéctor and by explosive
techniques may be significant and need further investigation.
The large differences in slopec -~f the beryllium and the nickel
hugoniots when cbmpared with other researchers are beyond the
estimated expsrimental errors and need furiher systematic tests.
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APPENDIX A

DATA ANALYSIS PROCEDURES FOR THE
DETERMINATION OF HUGONIOT STATES
FROM SHOCK WAVE DATA

INTRODUCTION

The fo .lowing is a detailed description of the data analysis
method employed for the determination of hugoniot state data
derived- from the experimental system described in the main
body of this report. The first part of this appendix pre-
sents the squations and assumptions emploved in tche analysis
and the second part describes a computer routine written to
perform the calculations.

Ezperiment Analysis

Figure A-1 illustrat=s the system schematically with the follow-
ing nomenclature:

v = impact velocity cm/usec
b = pin cap thickness cm
g = pin gap cm
h = target thickness om
x = pin position on line 1-A cm
® = impactor tilt radians
D = shock velocity in target cin/usec
105
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Figure A-1
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Twe cases of pin correction are necessary; the first involves

the "start" pins 1 and A which are =ztruck by the impactor directly.

The second case invo_ves the rear surface pins B and C, which

receive the shock transmitted by ithe target material; and thus
have closing velocities diffe—-ent from pins 1 and A.

The times to pin closure are given by:
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b :
(X,-hgtans 0) tan @ | hy D by 9p (A-3)
5 —5 sec(F®) + + 3q
spt pt
D
= (Xg h.tang; 6) tan 6 h, D bas 9c (A-4)
G 5 sec(30) + + 374
spt pt

where subscripts 1, A, B, C refer to pin locaticns, and

Uspin = pin cap shock velocity induced by impactor

u_.
pin

pin cap partical velocity induced by impactor

uspt = pin cap shock velocity induced by target

u_, = pin cap particle velocity induced by target

pt
Uspin and upin are evaluated by the impedance match solution
for the direct impact of the projectile material into the pin

material. The particle velocity derived from this analysis is:

p 2A

where A = s - -
Pop™p ~ Popin®pin (A~6)
B = popcop + popincpin + 2popcopV
C= pon(Cop + Spv)
and Uspin = cpin + Spinupin {A-=7)
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R the impactor hugoniot being given by:
¢ o
. U.. =C__+ S u A-8
. sp op PP (A-8)
; 1? For the pin gap velocity correction of the wave interaction be-
. tween the specimen and the rear surface pins on the impedance
e L match solution is employed again. Although the equations are
. similar to those already derived, the hugoniot state of the
7 ? specimen must first be estimated and then determined by
. iteration.
g l The first approximation of the shock velocity is found by the
k. : following procedure:

3

Subtracting Equation (A-6) from Egquation
(a~7) we obtain

O eian e

by~b, 9,79
: ) tan 0 = % {(tA~t1) - UA 1. zAu 1 ] A-9
.. 3 3 spin pin

Neglecting several smalil corrections, the approximate shock
velocity in the target at Station B is given by

D! = h (E~t.) *2 tan 0 + ! 2 (A-10)
= - - == tan e -
B B B "1 v USpin 2 upin

s ppiatca

The particle velocity, u', at this shock velocity is aiven by
Equation (A-5), where:

(A-11)
PP
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The first approximation of the shock pressure is given by:

| J— 1t -

P P ¢P'u (A-12)

The approximate shock and particle velocities thus obtained
are used in the more exact solution for shock velocity given
by Equation (A-13). The results may be iterated several times
until the desired convergence is reached. With the convergence

test set at 0.01% usually only two iterations are required.

D

tan O[X -h.tan (—- G)]
= D - )= 2 _B A

U = h_sec 7 0 EtB tl) - +

U 2 u

b
Ul + zBu .8 _% (A-13)
spin pin spt pt

The particle velocity, u

p is calculated by Equation (n-3) with:

A= popSp

C

= PopCop * Pot Us t 2PopSpY (A-14)

C = popv(co + Spv)

p

Pressure is calculated from

where it is assumed that Po = Q0
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The procedure is then applied to analyze the data from pins 1,
A and C, A, 1, and B, and A, 1 and C using the appropriate values
of g, h, b, and X.

The procedure described above is a retinement upon the simplest
form of average velocity determination (i.e. distance/time)
where the time term is corrected for impactor tilt. The above
refinement results in an average effect on Us of v 0.2% compared
with the simplest form. The overall effect on a shot basis has
been found for metals such as copper and Fansteel-77 to reduce
data scatter about a linear form of the hugoniot in Us-up.

P N

I

%
=
&
>
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Data Analysis Program - SHOVEL

S YEE
o

The computer program described below is written in Mark I
Fortran for use on the General Electric Timesharing Computer
Service. This Fortran is very similar to Fortran IV used on
muny computers and provides some convenience for adapting to
teletype I/O.

The program has two sections and one subroutine. The first
’ portion of the program is merely an operator convenience to
3 convert all input data into the required units and formats. ;
_ The latter porticn calculates the shock velocity at each sta- :
x tion. The subroutine COMPUT is in the form of the quadratic

4 solution that results in a meaningful value of up.
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& f Definition of Terms
9 ,
i 'é The terms presented below are in the following order:
N N
3 f l. Values required as input
1 3 2. Intermediate terms
E E: ! 3. Output values
e 3 :
/4 1. INPUT TERMS
{S"
I TERM NAME UNITS
T Shot No. SHOT I
E 3 D RUN
. Jrpactor Material MATLP (2) H
T Target Material MATLT (2) H
O Impactor C, CZERO km/sec
E 3 Impactor S SP 3
E Impactor pg RP gm/cm3
5 Target p RT gm/cm
. Pin 1-B ime DTB usec
S | Pin 1-C DTC usec
. Pin 1 height H1 in.
S Pin A height HA in.
e 5 Pin B height HB in.
S Pin C height HC in.
: 4 Pin 1 gap Gl in.
E 1] Pin A gap GA in.
;3 Pin B gap GB in.
T Pin C gap GC in.
E Pin 1-C Spacing X1 in.
g Pin 1-B Spacing X2 in.
4 3 Pin 1-A Spacing X3 in.
. D H2
f D H3
. Polaroid target fiducial spacing M2 cts.
] Impactor to Window #1 Ref. Spacing Ll cts.
e 9 Impactor to Window #2 Ref. Spacing L2 cts.
é"'i X-ray Flash Time Interval TSIl usec.
e X-ray #1 to Pin C Time Interval TSI2 usec.
; . Front Surface Shim Thickness (If Used) SHIM in.
P Tilt Time Interval TILT usec,
g Approximate Slope of Target Hugoniot S
£ - (s=1.5 if zero)
. Pin Combination COMBO H
'3 Computer Run No. RUNS I

I - Integer, D - Dummy, H - Holorith Field
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A .aww e

2. COMPUTED TERMS

con B it bk B ok IS 2 S A B

TERM NAME UNITS %
X-ray 1 Scale Factor Fl in/ct 2

X-ray 2 Scale Factor F2 in/ct

Window Fiducial Spacing D in

Impact Velocity W ft/sec
Impact Velocity wl ft/sec i
Impact Velocity v cm/usec 1
D USTAR 3 5
Pin and po RPIN gm/cm 3
3 Pin Material Hugoniot Slope SPIN b
E Pin Material Co C@PIN km/sec %
- Pin Cap Thickness Bl ing
e 3 Specific Volume (initial) SVOLg cm” /gm ﬁ
3 Quadratic Solution Term A 8
E ] Quadratic Solution Term B i
- Quadratic Solution Term c E
S Particle Velocity of Pin Cap UPIN cm/usec :
. Shock Velocity of Pin Cap USPIN cm/usec ¥
p. Impactor Tilt THETA radians 3
ks g Firsu Approximation Ug (B Station) USB1 cm/usec g
; 3 First Approximation up UB1l cm/usec E
- First Approximation P PBl Mb 3 i
L First Approximation p] RT1 gm/cm E
kA First Approximation Sound Velocity c2 cm/usec T
E .3 Particle Velo:zity Induced by Target UPT cm/usec E
3 Shock Velocity Induced by Target USPT cm/usec %
3 Shock Wave Tilit in Target THET1 radians %
by 2 Bl
=§ E 3. QUTPUT TERMS §
9 B Shock Veleccity USB km/sec §
E B Particle Velocity UB km/sec 3
. B Pressure PB Mb i
- B Relative Volume VOL 3 ¥
A Specific Volume SVOL cm” /gm :
E 1) ¢
.3 &
3 ;
! 3
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The term labeling is essentially identical for the "C" station

calculations with the output being:

C Shock Velocity

C Particle Velocity
C Pressure

C Relative Volume
C Specific Volume

uscC
uc
PC
VOL1
SVOL1

km/sec
/sec
Mb

cm3/gm

The "D" station calculation employs the C station approximate
velocity and corrects for the time interval difference between

B and C. The output terms are:

Shock Velocity
Particle Velocity
Pressure

Relative Volume
Specific Volume

Additional output terms:

D Station Calculation of Shock Tilt
Calculated Impactor Tilt Time Interval
¢ Difference of (B-C)/C Shock Velccities

Us

VOL2
SVOL2

THET3
TILT1
DIFF

km/sec
km/sec
Mb

cm3/9m

Radians
usec
%

The Mark II Time Sharing System allows chaining of programs and

SHOVEL is continued as SHOVEN and an external file INFORM is used

as the data source.
in process.

113

Up to seven files may be linked and called
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SHOVEL

¥
PSR E R,

, 180 COMMON Us00BoC

b= 110 REAL DIMENSION MATLP(2)» MATLT(2)

P 128 INTEGER SHOT»,RUN,COMBO»RUNS

3 138C

140 200 READ{ 1+ 489)SHOTs RUN-MATLPC 1), MATLPC2), MATLTC 12 MATLT(Z)

150 READC1)CZERQ, SPeRP+RT>DTBsDTCsHEs HA»HB, HC» G1» GA» BBy GCo» X154 X25 X3»

160 +H2,H3,M2,L1,L2,TS11, TS12, SHIMMTILTS S
178C

188 46 FORMATCSX» 155125 4A6) L
P 1 93C

200 PRINT,"ENTER PIN COMBINATION (1 START = 1» A START = A) AND RUN NO.”
- & 210 INPUT 30, COMBOs»RUNS
S 22ac

3 230 30 FORMAT(2A1) ;
e 2 44C :
3 250CMPTV COMPUTE TILT AND VELOCITY

i 252 PRINT 61»CZERO,SPsRT»RP»DTBs DTCoHE2HC» G1s GA»GBo GCs» X1 X250 X35
4 254 +TILT»S

x 256 61 FORMATC//7/76FSe3,2F 15, 4F604775F604/77)
g 260C
¥ 270 1FCL1)46s 48,46

280 46 Fl3.47S6E=~033F2x. 47715-83301149951 - ’
298 IFCL2) 41,42, 41

300 41 DiIsCLI*F1+4L2%F2+¢D?/12+0
318 VEL1=(DI/TS11)%1.3E+86
320 42 D2u(LI+F1+D+M22F24.9537+SHIMI/ 120
330 VEL2=(D2/(TSI2-DTC))I*1.BE+26
340 1F(L2)43s 44, 43
358 44 GO TO 45
360 A3 W=VELLl:WisVEL2
370 GO TO 49
388 A4S WeVEL23Wix0.9
396 u0 TO 49
400 48 READIIOW
410 Wi=0.0
420°
430CTC CONVERT INPUT TO CGS
446C
AS@ 49 Va(W/3.281)¢1.0E+02
460 CZEROSCZERO*®1.0E+053USTAR=USTAR®!+0E+0S
479 DTBaDTS*l.BE-B63DTCEDTCS1+QE~BSS TILTeTILT* 1+ SE~B6 °
480 HlzH1%2. 543 HATHA®2. S43HB=HD$2. 543 SHCsHC#2. 54
430 RPIN =8.413SPIN®=].423COPIN=3+8E+055B1=5:08E~83
- SB0 G1=G1%2.543GA=GA*2+ 543GB=GB*2.543GC=GC+2. 54
S18 X1zX1%22.543X22X2%2¢ 543 XI= X350 54
$29 THET320.03 SVOLA=1.0/RTISVOL=3.03SVOL1%0.0
53ac -
5 48CSV COMPUTE SHOCK VELOCITY
5sac
569 IF DTBY11,11,1920
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SHOVEL CINTINUED

ST 11 BsQ@.05PB=23.03US3=0.3Y0OL*00

= 588 GO TO S

T 598C

o 600 1000 B=RP*CZERG+RPIN®COPIN+2%RP*SPsV
o 618 A=RP*SP~RPIN*SPIN3C=RP*V*({CZERO+S5P*V)

620 CALL COMPUT

630 UPIN=URUSPIN=COPIN+SPIN®*UPIN

‘ 540 THETAa(VW/ X3)*(TILT-(GA=G1)/(2¢UPIN))

. 650 USBI=(HB-H1)/(DTB~X2«THETA’V)

: 660 1001 BxRP*CZERO+RT*USBI+2¢RP&SP2V3AxRP*SP

o 670 C=RPxV&CCZERG+SP#*V)
s 690 UB1I=U3PBI=RT+USB1+UBI1
. 3 700 RT1=(RT+JSB1)/(USBI~-UB]?

A 710 C2=2USBI*SQRTC. 49+((USBI=-UB1)/USB1)#42)

E 720 IF(S)S3»50551

E 732 50 S=1.5

. 740 S1 BxRPINSCOPIN+RTI%C2+2#RT1%S*UB13A=S*RT1~ SPIN*RPIN

, 3 750 C=S«RTI*UB!**2¢RT1%C2%UB1+PB]
S 763 CALL COMPUT
A 778 UPT=U3 USPT=COPIN +SPIN®UPT
| E - 3 780 THETI=(USB1/Vy*THETA
B | 798 DELT1=DTB- THETA%(X2-(HB=-H1)*THET1)/V
3 30A DELTI=DELT1+B1/USPIN+G1/(2%UPIN)-B1/USPT-GB/(2%UPT?
‘;Hjéj 816 USB=(HB-H1)*SQRT(THET1%%2+13/DELT1
f*' i 820 3 IF(.0001-CABSC(USB-USB1)ZUSB))) 1002, 1983, 1003
R 836 1092 USBI=USB
% 840 GO TO 1003
BN 858 1003 B=RP*CZERO+RT*USB+2%RP*S5P*V3A=RP*SP3C2RP*V&(CZERD+SP*V)
E 2 8608 CALL COMPUT
R 870 US=U;sPB=RT*1JSB+UBS VOL=1~UB/USB
o 3 880 SVOL@=1.0/RTSSVOL=VOL/RT
o 390C
A 988 S IFCOTC)65657
-5 913 6 USC26+03UC=0.33PC=0e03VOLI=B03TILT=TILT*10E+06:US=0.03U=0.0
8 920 TILT1=@.33USBxUSB*1+.0E-A53UB2UB%*1:3E~0G5s PB3=PB%1.0Z~12
93@ P3A.23V0L2=0.9
940 SVOL130.03SVCL2=3.03DIFF23.0
950 GO TO 2
60C
97@ 7 S3RP*CZERO+RPIN®COPIN+2xRPESP*V
9803 A=zRP*SP~RPIN*SPINSC=RP&V&(CZERO+SP*V)
998 CALL COMPUT
1000 UPIN=U3USPIN=CBPIN+SPIN2UPIN
1018 THETA=(V/X3)*(TILT-C(GA~G1)/(2%UPIN))
18208 USC1=(HC~H1)/(DTC-X12THETAZV)
133G 1004 B=RP*CZERO+RT#USC1+2#RP*SP*V3AZRP*SP
1048 C=RP*V*(CZERO+SP&\)
1950 CALL COMPUT
1068 UC1=U3PCI=RT*USC1*UC!
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1619
1680
1096
100
1110
1129
11308
1140
1150
1160
1170
1180
1198
1200
1212
1229
1230
1240
1250
1260
1273
1289

* vt ve LEVE OPMEN? 8 SEtRNERAY MOTONRI CORPORATION

13

GuEl CONTINUED

RT2= (RT*USC13/CUSCL~ UL
C3aUSC1#SQRT(+ 294 CUSCE=-UCL)IZUSCLI**2)
B2RPIN*COPIN+RT24C3+24RT2#54LUC1 } A= S&RT2~ SPIN*RPIN
C~SsRT24UC1#22+¢RT2#C3I4UCI+PCI

CALL COMPUT

UPT1=Us USPTI=COPINSSPINSUPT}
THET2=(USC1/V)*THETA

DELT2=DTC~ THETA*(X1= (HC-H1)* THET2}/V

DEL T2=DELT2+B1/USPIN+G1/(2+UPIN)=B1/USPT1-GC/£2¢UPTL)
USC=(HC-HI)*SQRTCTHE T24#2+1)/DEL T2

4 IF(.0001~-CABS(CUSC-USC1)/USC)))> 1005, 1306, 1086
1085 USCisusC

GO TO 1004

1006 B=RP#CZERO+RT*USC+2¢RP*SP2V3ASRP*SPSCaRPHVE(CZERG+SPxV)
CALL COMPUT

UC=Us PCeRT#USC2UC» VOLI=t-UC/USC
UBnUB*1.BE~SSsUSB2USB*]1.BE~QSs PB=P3¢1.0E~-12
UC=UC#*1.AE~B55USCsUSC*1~BE~B53 PCPC*]4 QE-i2
DELT=(OELTI~DELT2)*1.0E+ 26

TILT=TILT*1.0E+06
TILTI=(DTB-DTCI*X3/(X2-X1)%2.0E+D6
DIFF=@3.@3SVOLISVDLI/RT

12%92aC
1399C

1319
1320
1330
1349
1352
1360
1372
13389
1392
1400
1410
1428
1 439
1 449
1 459
14563
1473
1 430
1493

1500 +-

1510
1520
1539
1549
1553
1568

IF(DTB)T70, 70,2

78 TILTi=20:.93U=23+.03US=28«03P20.03V0L2%03.0

GO TO 2

21 USI=C(HC=HIY/DTC

B=RP$CZERO+RT*US1+2%RPESP*ViAZRP&SP

CaRPsVE(CZERD+SP2V)

CALL COMPUT

UtaU3PI=RT*USI*U1

1087 RT3IsC(RT«USII/CUSI-UY)

C4=USI*SART(. 49+ ((USI~UIX/US1)*2)

IF(S)22,22,23

22 S=1.5

23 83RPlN*C@P[N+RT1*"4*2#RT3*S‘UIlA’S*RTG SPIN#RPIN

C=S*RT3*UI1*+2+RTI¢C A%l + P}

CaLL COMPUT

UPT=US USPT=COPIN+SPIN®UPT

OTILT=DTB~(HB-H1)Y/US1+BL/USPIN+G1/(2+UPINY~-B1/USPT=-GR/(2%UPT)

THET3=V*DTIL T/ X2

SHTIM2EDTC~ THET3 (X1 - (HC-H1ISUSI*THETI/VI/ZV+BI/USPIN+G1 /(2% UPIN)

B1/7USPT=-GC/ (2. %UPT)
US=(HC-HIIZSART( 1« B+ CUSI*THET3/V)I%22)/SHTIM

B=RPECZERO+RT*US+24RP&SP£VIATRPESP

C=RPsVs(CZERO*SP*V)

CAaLL COMPUT

U=iJs PRT*USsY
IF{.B001-{ABSCC(US~US1)/US)))1088,1809,1209%
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SHOVEL CONTINUED

N 1570 18908 USI1=U351U1=USP1=P
1580 63 101007 )
1598 1009 VOL2=1-U/USSU=Ux1+BE-Q53USTUSH1«DE-OSIP=Pr e NE~12
1600 SVOL1=VOL1/RT3 SVOL22VIOL2/RT -
1618 DIFF=(ABS(CUSB-USY/USC)I > *103.3
1629 SUSE SHOVEN

- SHOVEY

s 1766C OUTPUT STATEMENTS FOR SHOVEL
3 3718C

1720 2 PRINT 60540 T» RUNS, COMBO,MATLTC1 ), MATLTC29, MATLPC 15 MATLPC2)
L 1733 +RT>RPs SVOL2sWsTHET3s Ve TILTa W1 TILT1>DIFF»

1740 +USB, UB» PBs VOL» SYOL» USC»sUCs PCs» WIL 15 SVOL 15 USs Us P» VOL 2, SVOL2
1758C

JNEEAF: 3;33% OUTPFUT FORMAT
i 1780 608 FORMATC/Z//2/7/7/7/718Xs 9HSHOT NOe 515:10Xs BHRIN NOe ,A1//
4 1790 +108Xs 1 THPIN COMBINATION: »A1,1Xs TH= START,//
o 1860 +5X» 14HTARGET MATL«~ »2AS4,
1810 +4Xs 13HPROJe MATL e~ 5246/7/8Xs IHDENSITY> »F 6035 1X» SHGM/ZCs 8X>
1820 +SHDENSITY= »F6¢35 1 XsSHGM/CC//8X, BHVOLUME= »F6e 45 1Xs SHCC/GMs
1830 +/7/77/75Xs 1BHPRIJECTILE VELe = ,E12:5,
1842 +1Xs 6HFT/SEC» 4Xs 13HSHOCK TILT = sF9¢6//7Z3XsE12¢55 1 X5 6HCM/ SEC»
1859 ¢4Xs 13HTILT MEASe = 2F9¢6/7/723%X2E12¢55 1Xs 64FT/ SEC» 4X>»
1860 +13HTILT CALCe = sF9e¢6///5%Xs21HSHOCK VELe SCATTER = »F7¢3,51Xs 1K,
SI 1870 +//7/7/7772Xs A4S Ae 4X» 1 OHSHICK VELe 35 1EHPARTe VELe. 7X584PRESSURZ
= 1880 +4Xs 44V/AVBSXs 6HVILUMES /1 BXs 6HKM/ $ECs 8Xe 6HKM/ SEC» 1 1Xs BUMEGA 'ARS
3 3 1898 +13X,5HCC/GM///77
R 190G +2Xs IHBs» 6XsFB8e 4 6R9FBes 4 B8XsF 100 6:1X5F2¢551XsFBe5//
} E 0 1910 +2X%o 1HCr 6XsFBe 45 6XsFBe4s8XsF1BebsrtIXsFPeS5s1XsFRe5/7/
i 3 b 1920 +42Xs 1HDs 6XsF8a 40 6XsFBe 85 BXoF 100 €01 XsF3eSs 1XoFB2S52/7777)
: R 19390 GO TC 200
. ” 1940 END
S 1950 SUBROUTINE COMPUT
e 1968 COYMON U,A»B»C
, 1970 Us(B=SAQRT(B*x#2~ 4%A%())/(2%4)
E 1980 RETURN
1993 END
2099 SFILE INFIORM
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APPENDIX B :
E 2 R
- . ANALYSTS OF SYSTEMATIC MEASUREMENT ERRCRS
%, 8 ' ' 3
T :
%
' An analysis of systematic errors in the experimental system .
w1 performed.* Each of the 22 parameters involved in the cal- 7 fg.
culation of a hugoniot equation of state point from information i ?%
obtained using the light gas gun system was considered and an 3 !
estimated error was calculated. These errors were combined f ::
mathematically to yield an averaye systematic error for the f'
hugoniot parameters calculated; pressure, particle velocity, %
shock veloecity, and volume. Errnsrs in measuremeiit of impact ;T
velocity were also calculated. 4

ol
e

Two cases were considered: (1) dissimilar impact, in which the

hugonict point is calculated from the impact velocity, the shock
wave velocity, and the measured hugoniot for the impactor and
(2) symmetric impact, in which only the impact velocity and the
shock wave velocity are necessary for the calculation.

e ; 15 e «
3 Kl e SN 0 B gy p
AP ATA Y

AR R SR TR S AT K AN bbbt SRR a S 85 N IETRY
A ISR e ,,‘h,Nmi' o
N e

AN

3

Since the error analysis is dependent on the shock impedances |

of the specimen and the impactor as well as on the pressure <

attained, a complete error anelysis could be performed for each b

data point. This formidable task was avoided by calculating %

errcrs involved in an "average" data point, and briefly examin- E -

ing the errors at the limits of the system. As the variance 4

in errors at the limits do not substantially change the values 9
for the average case, only the average case is reported. g;

4

: T.:e parameters operated upon involved a measurement made on coppex -
@ with a Fansteel-77 impactor or a copper impactor launched at 6km/sec. B
. The method is a statistical procedure called the analysis of variance.: i
< i p
. The authors are indebted to #r. W. L. Rearick of Systems i g
e\ Aralysis. Manufacturing Development, for his assistance in : 3
= 8 the formulation of the system error analysis procedure. ; g
E: 23 i =
4 , i18 : B
i E 4
. 5 5
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By definition the standard error of the variable, x, is given
by:

- n 2
sp = le O xi/P (a)

where Ui is the deviation of the ith term from some £ (x).

When Gyt Oq¢ Oy O are mutually dependent, the variance of

X is then:

+ 0 + « o o+ 0 (b)

X x1 x2 xn

with cnz denoting the nth element component of x.

In the present case, a ¢ (or standard deviation) is determined
for the system components. ¢f all the mutually dependent variables,
: listed in Table 1-B.

The variances of mutually independent variables may be determined
using the rules presented below. By definition the mean, s of
a variable, x, is given by:

My = (xl + X, + . . . xn)/n {c)

where X0 X5s ¢« o4 X are element components of a statistical

n
distribution.

If the variance of x and y are small compared their means, i.e.,
3

ox“ << Uyr and independent, the following rules may be employed

to determine the variances of the sums, products and quotients

of variables x and y:
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Addition: o =90 “+ 0 (d)

: . . 2 2 2 2 2 2 2
Mult : =
iplication Iy o, ‘0, “+a “u o, (e)

X (£)

where in (f), py>>0

The present analysis was carried out using the tabulated values
of 1 and o of Table 1-B. The variance of each term of equations
1 through 4 was determined and then combined to yield the re-
sultant variance for each operation.

Impact Velocity: v = y/z (1)

Impactor Tilt: tan 6 = % (At ——Jl——ﬁ - (2)

Shock Velocity:
1

xn-hntanetan(gve) 3 -
v i R I (3)

b _ 9n ]
2-upt

Uspt

Symmetrical Condition Particle Velocity: u, = 1/2v (4)
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-
To determine the variance resulting from the impedance mismatch ﬁ
solution for the particle velocity, it is necessary to know the %'
variances of the terms of the hugoniot equation of the standard. i
Since the hugoniot equation is itself a statistical inference,
the following approach was used:
n Ypi
p =3t B2 (9)
up l n
g where n is the number of data employed in the least squares
_ﬁ analysis. The variance is then given by: %
E =
. & 2 _n - 2 h 3
i ] w =5 (upi uup) (h) 4
- :
¥ For an equation in the form: 3
|
> U =C_+5 (1)
- s o up E
the variances of the zeroth and first order terms using f§
equation (a) are given by: ’ i;
g :
o, 2= -58 (3)
op }
2 E
G s
o 2 =28 (k)
So o =
ap 9
The analysis of variance is then applied to equation 5a through &
E:
5¢. i
Impeddnce mismatch particle velocity: o
I _ B=-VB2-4nc , 5) E
P 2A 3
3
123 -
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A= e S
Pop * ®p
B = popcop+potUS+2-pop~Sp-v
=p C v+p S v2
opop "opp

To determine the variance of the square root cperation, the
binomial expansion is used; i.e.

2

2 ("’ —_—
Lo u2 + 62 = 2u

The variances are then determined for the remaining. hugoniet
relations. ’

Shock Pressure: P = DotUsup
) . L . 1_“5 )
Shock Specific Volume: V = 53
S
Pot

Table 2-B presents a summary of the systematic error analysis.

The percent error column shows the marked difference in the

accuracy with which measurements can be performed on. symmetric
(Case 2) versus dissimilar material (Case 1) experiments. The
larger errors involved in the dissimilar material tests (Case 1)

concern the errors in the hugoniot of the impactor material.
For tests using impactor materials with precisely measured
hugoniots these errors will be correspondingly smaller.
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