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Porous graphite and q')ecially prepared aluminum foams (40 to
80 percent of crystal density) were investigated in an attempt tc deduce
the effect of such material parameters as particle (or pore) shape,
size, and size distribution on response of the materials to shock loading.
Results suggest that the strength of the solid matrix and the porosity are

more important than particle geometry per se. -

Hugoniots for one aluminum an:'d one g'ra}ihite foam {both a-bout
three-fourths of crystal de__nsity) were measurec in detail up to about
25 kbar. In the pressure and porosity range studied, the P-V Hugoniots
of the foams after compaction have been found to be very close to those

of the aolid materials. Recovered shocked specimens of aluminum foam

: egchibited densities characteristic of solid aluminum, whereas recoverecd

shocked specimens of ATJ graphite had densities very close to their
initial densities. ’ '

An artificial viscosity digital computer code was adapted to
foams and shown to be capable of predicting approximate shock attenu-

ttion behavior of porous solids as measured expzrimentally.

23

[
- Mo At s i w2t . e E AN . s e T

Sinad O NN,

T DS




-

AFVL~1B-66-10

This page intentionally left blank,

e




s meer,

Rt RS &

L2

T A N S e Y OB an e o

e

»

-

CONTENTS

1

Section
! INTRCDUCTION
I THEORETICAL BACKGROUND
1 SHOCK ATTENUATICIN CALCULATIONS
1. Description of Method
2. .Equaticne of State
iv MATERIAL DEVELOPMENT
1. Specimen Fabrication
2, Metallography and Quality Control
v EXPERIMENTAL TECHNIQUES
1. Shock Wave Measurements
2.. Measurement of Longitudinal Sound Veiocities
VI EXPERIMENTAL RESULTS AND DISCUSSION
1. Parameter Variation
2. Terminal Obsgervations on Recovered Material
3. Hugeniots of Foams
4, Shock Attenuation Experiments and Calculations
Vil SUMMARY AND RECOMENDATIONS
FOR FURTHER WORK
Appendices
I DESCRIPTION CF CALCdLATION ROUTINE
USING THZ ARTIFICIAL VISCOSITY CODE
n MATERIAL DESIGNATIONS AND SUPPLIERS
i TABULATED SUTMMARY OF STATIC
AND DYNAMIC DATA
REFERENCES
DISTRIARUTION

11
11
12
19
19

.
I

25
25
43
47
47

48 .

52
53

67

71

87

97
98

A et g

-~

O VRPN

YT e Saew B At 2 v OBy sl

P O A IUACAAINY . IR AT NI




Figure

3

LU

o~

10
1
12
13

14

18

16

17

4
ILLUSTRATIC?*S

,i

Hugnnict for Elastic Locking Soli\‘i
Possible Hugoniots for Porous Sclids

Asnumed P-V Diagram in PHASETRANSITION
Procedure

Assumed P-V Diagram in NOREL Procedure
Powders Used for Making Sintersd Aluminum Foam
1ypical Aluminum Foarn Types

Illustration of Impedance-Maich Method
for Measuring Target Hugoniot

Tlustration of Procedure for Hugoniot Mleasuzement -

when & Double Wive Structure Exists

Calibration Curve for Quartz Gage
with A = 6,201 in.®, £=0.376in., and R = 51.0

Target Ccnfiguution Immediately prior to Impasit
Configuration of Gas Gun prior to Target Alignment

. Projectile Assembly for Shock Attenuation Studies

Binary Coder Circuit for Distinguishing
Electrical Pin Closures .

Oscilloscope Records Showing Tilt-Pin Closures
and Cathode Modulation Time Marks

Block Diagram of Instrumentatior for Recording
and Calibrating Data Signals

(s) Calibration Record {»>r Cathode Modulation
Timing System

{b) Quartz Gesge Record with Cathode Modulation
Time Marks (Shot 11, 659)

Block Diagram of System for Measurement
of Longitudinal Sound Velocity

- ——— e e o o - s - ~ —— P—

14
17

23 -

24

25

29
31
32
35

3s

41

42

44




- -~ . - - E S

v
H
1
[
v

20

21
22

ILLUSTRATIONS /Cencluded)

CRS——

Lea e s E R

FRGres

Page
Pressure, Particle-Velocity Diagram for 2.1 g/cm’
"Chunk’ Aluminum Foam 53
Pressure-Particle Velocity Diagram ;
for Various Alumirum Foaras 54 E
Pressure, Particle-Velocity Diagram “ :
for Graphite and Carbon Foams .55
Typical Voltage-Tima Profiles from Quartz 56
Reconstructed and Gomputed Pressure-Time Profiles
at Foam-Quartz Interface for Shock Attenuation Studies 62

Rcconstructed and Computed Pressure-Time Profiles .
at Foam-Quartz Interfa¥, for Shock A;ttenuation Studies 63

R:econstmcted and Computed Pressure-Time Profiles
at Foarn~Quarts Interface, Showing Effect

of Variations in Computational Procedure 64
Flow Chart for NOREL Procedure 77
|
-
{
t ¥
} £
5
. ¢
3 .
§
¥
4
: vit
¥ .
. e 5 e ) 3
ame .‘\

e y
T A gy




Table

I

v

VI

v
via

At S A

e A A —— AR P @ ——

A e e

TABLES

Density Dats for Recovered Shocked Foams

Residual Densities of (uasi-Statically
Compressed Forms

Values of Quantities Used in Drawing
Smooth Curves of Figse. 13 to 20

Dats for Shock Attenuation ExpEgiments
Measured Longiticdinal M-oustic Velocities

v

Summary of Graphite and Carbon Data
from Quartz Gage Shots

Summary of Aluminam Data from Quartz Gage Shots

Summary of Static Compression Data
for Carbon and Craplite Specimens

Summary of Static Corapression Dais
for Aluminum Specimens

Page
50

51

60
89

90
92

94

95

[N

MRS )

YUE B Y 4 MRCARIAR SRR R T DNE | AL UDRENTAY W Semn i nentass g

S ey

LT S Y e v s rmmmmis -

e

o R RATRRET TR




oy

st -

AP R

L T AT AR Y S U

L PEPRTNES WTRE SR e e,

.
2 mrne ey s Y St

ey

R PR e R R

e s

B St e SR

VAN e i Avem 4w e < w a ~ .

v ave e . e

V™ P

SECTION I

INTRODUCTION

Research on foams (distended sc¢lids) was undertaken at Pouller

Laboratories in 1962’ because it was recognized that such highly com-

pressible materials should be effective in reducing the peak pressure

delivered to a solid boundary by a given impulse at thz opposite surface

of the foam material. Since that time work on representatives of

several classes of distended materials, including plastics, metals,

ceramics, and graphite, has been performed at Poulter Laboratoriss

under U. S. Air Force Weapons Labnratory sponsorship.

1,23,93

Although all the foams previously studied have shown similar

P behavior in a gross sense, there are important differences in their

relative effectiveness as countermeasure materials

The current pro-

N gram of research was therefore undertaken to study two types of foam

{aluminum and graphite) in detail in an attempt to (1) discover the etfect

of varving individual materiel parameters, (2) investigate the nature of

foarn Hugoniots, * and (3) study shock 2ttenuatiou in the fooms as a basis

for comparison with theoretical predictions.

% As us=d in this report the term "Hugonlst” is applied 2o foams to

mean the locus of final macrescopic pregsure-volume or presaure-
particie velocity states of shocked material deduced fro=: experi-

mental observations and irvocation of the so-czlled "junmp’’ cenditions.
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SECTION 11

THEORETICAL BACKGROUND

The Hugoniot equation of state of foams iz often approximated by
the elastic lgcking-solid model, which is represented in the pressure-
volume plane in Fig. 1. For this model, the material behaves like an
isotropic elastic solid below a certain critical pressure Pe' Above the
critical elastic wave amplitut?e associated with the point (Pe, Ve), the

pore space collapses irreversibly, and the material locks at volume

V1 , so that it behaves like an incompressible solid by comparison with
the porous material. For the limiting case of a simple locking solid,
P,=0 and V, =-‘V°. In reality, the precise shape of the horizontal nor-
tion of the schematic Hugoniot of Fig. 1 would be expected to depend
upcn the particular foam material in question, but should ideally be a

shallow, rising curve with positive curvature.

In practice, if calculations of shock interaction or attenuation
are to be made, the vertical portion of the curve is often replaced with
the Hugoniot of the solid material from which the matrix of the foam was
constructed. Although it is impossible (on thermodynamic grounds) for
specimens of different porosity to have Hugoniots which exactly coincide
in a region of the pressure-volume plane, it may in practice be a very
good approximation for a given matrix material over a certain rang= of
porositiez and shock pressures. as is demonstrated by the experimental

resuilts discussed in this report.

Let us consider a shock traveling through material initially in & )
state characterized by pressure Pﬁ; specific volume Vo, and total in-
ternal energy Eo .

Now if
E=E({P,V)

—_——=y et o,
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But conservation of energy across the shock froat leads to 3
E - B, = }{P+P )V, - V) :
S
8o thai + ¢
E = -} (P42, )4V + { (V- V)dP (2 ' .
£
Thus
3E
g HPER)+ (T‘v)p
L= (3}
& iy Ly - (2B
: 2 3P Jy
4 -
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But if thermal equilibrium is assumed fas an approximation), we have

(aE/aP)V = V/T', where T is the so-called Grineisen coefficient; and

'P( ) c,
(=) - R

-P {4)

where Cp is the heat capacity at constant pressure and Q is the coeffi-

cient of thermal expansion. Therefore

2C
P _ Va P, -F _ . )

av } 2
vo-(u—f)v

Thus, in general, the slope dP/dV becomes infinite when V, /Iv=1+2/T

and becomes pogitive when Vo /v> 1+ 2/T, so that the limiting compres-
sion is equal to 1+ 2/T" unless the material has an unusual equation of
siate or 2 firsteorder phase transition occurs. In other words, if we have’
u porous solid with V>V, where Vg is the initial specific volume of non-
porous material, then the limiting compacted volume will be greater

than the limiting volume for initially non;;orous material. In fact, if .
V,IVg> 1+ 2/T the Hugoniaot would be expected to have positive slope,

since a small pressure P>P, should compact the foam tc very nearly
:olié density but a strong shock can compact it nc more than to a volume
of V /{1#2/I). 1f V /¥, = 1+2/T we have in principle the verti¢al )
Hugoniot associated with the ideal locking solid. For Vo IV’< 1+2/T

we have above F, the more familiar Hugoniot zhape commonly associ-
ated.with the shock compression of initially solid materials. These

cases are illustrated schematically in Fig. 2.

For purposes of illustration let us explore a specific care. ‘a

commonly used equation of st.te {Mie-Griineisen) for solids takes the

——————

cma e rema a—ceee————— - oa
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- f * form ag'c T
l . P = oot A . (6)
it .
- whene E‘_ is the internal energy of material compressed to volume V
" at a temperatare of 0°K (i.e., E. is the "compressional part'” of the
total internal energy E£); P is the pressure at volume V and tempera-
ture T; and A is an undetermined coefficient. Now if for simplicity
: the heat capacity at constant volume C_ is assumed not to vary with T,
: then E=E.+ C,T, and we have
! o, E-E,
: . e .~ _c )
‘} ; P+ v T i v - (%)
5 |
: ; where ' = AJC = V(RP/3E),, is the Gruneisen coefficient.
¢ 5 .
g - Using the gonservati:on of energy relation
& , - - v - X - -
f ] E-X i(p°+ P)V, - V)
: D . .
) with E° and Po set arbitrarily to zerc yields
b4
2 3p ' v\
i c _ PrY 2 o
: v—ﬁ—wrgc.— -t {1+ 3 - v/} (8)
¥ ) ’

along the Hugoniot, so that

i
L ) dE
b : Vo + TE
i" . ) P = = v < {9)
r v i,,.2 Y,
;' 2 by v :
1 6. g .
) -
. i . Now,
3
5 & 3
£ .
p .k ’ . - v C K+ Ta® v
v i' P
i \{ »

where @ = (avlar)P/v is the cozfficient of thermal expansion aud
K= (viaP)TIV is the bulk issthermal compressibility. At room tem-

EL )

perature and atmospheric preisure, this yields I'> 2.1 for aluminum.

FFNFTITATS N S




. .
- e A - O AT oty ¥ >0
.

For solids, I' will generally fall between 1 and 4. Thus, the critical

_distantion for "cross-over' of the Hugoniot should be somewherx ts-

twaen vo/V‘ =z 1,5 and Vo /Vg =3. As the pressure increases, \ A4
approachiea the limiting value 1+2/T'. Therefore, the limiting value of
V {5 proportional to the initisl specific volume V. provided that I
remairs conscant {as it should for the pressure range considered in this
report). In actuality, I' may be expected to decrease with decreasing
volume and with increasing ..emperatur'e, but should still be on the order

of 1 to Z even at very high prassure.

The theoratical basis for foams serving as effective pressure
attsnuators is covered in dstail in Reference 1 and will be only quali-
tatively surnmarized herec. Foams are sffective as countermeasure
materials because, firat of ail, a Hugoniot which resembles that of
Fig. 1 implies a large ratio of rarefaction velocity to shock velocity.

A shock front travels at a veloci: r proportional to the square root of the .
slope of the straight line connectis 4 the initial and the shocked states in
the P.V plane. The sum of the particle velocity and longitudinal sound
velocity in the compressed material behind the shock is proportional -to
the square root of the slope of the adiabat through the shocked state.

The first means of attenuation may dbe thought of as caused by rarefactions
overtaxing the shock pulse from the raar. Therefore, foams are espe-
ciolly effective because they provide a large rarefaction-to-compaction’
velocity ratio (see Fig. 1). Alternative ways of looking at the same

effact in terms of ensrgy dissipaticn or of "momentum spreading" lead

to the same conclusione.

A very‘ important advantage caa be giined by the presence of a
forsrunner .\n\n. For shock Pressures between ceortain limits {i.e.,
between Py and P, in Fig. 1), the shock froat splits ©p intc two waves,
the firet of thesc Waves having amplitude P,_. Since momenturt: ard

spergy must be conserved, attenuation of the second (slower) wase will

&
A . .
v
é ‘ *
&
P > R
¢ — - em  t e md el ..
PP - . 3 - —_—




L Y

ey AT BT W TRIIUNTY  WN S KOS I AT et g M AT IR SE NN T Lh RN COPRAITA, Xy S

I

~
b TG T SR A e gE g 'W'M"‘?’r“w”;""_ e B R R L A e —

PR T % e e 8 Pt g S v g o -

AT ERTIR AT

o atab A s

é

.
Lt A L .- v aal ——— . P L L T,

be enhanced as the amount of material included between the two wave-
fronts increases. The rate_ff attenuation will also be proportional to
the momentum per uni{ \_r:;un; of this included material. Thus, it is
desirable to have the velocity difference between the waves as high as
possible and to have the value of Pe as large as possible, provided that
the critical damage pressure in the structure to be protected will not be

exceeded when the forerunner wave reaches the structure-foam interface.
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SECTION Il

SHOCK ATTENUATION CALCULATIONS

1, Description of Method

Calculations of shock propagation and interaction ma'y be made
precisely using the method of characteristics; how'evcr, this method
soon becom;:l unwieldy. when used for any but the simplest problems and
is difficult to organiz'e into a digital computer code. As an alternative,
the artificial viscosity roethod {Q-method) of von Neumann and Richtrnyer‘
is readily 2dapted to computer calculations but has the possible disad-
va.nuﬁe t;f spreading the shock front ovor a finite distance. The Q-method
uses {inite difference equations if real space and time to represent dif-
ferential equations Czscribing the flow®*’ The artificial viscosity Q
is added to the pressure in the difference equations to remove all dis-

continuities in the flow.

The Q-method has been used for all shock attenuation calculations

reported here.

The value of Q used was given by

] , ..
Q= -Au[cq j Bul +comc‘g/v (11)

where Cq and cona are arbitrary constants which were set equal to

Z.0 and 0. I, respectively; C__ is the local acoustic velocity, V is the

sp
local epecific volume, and Au is the particle velocity increment {i.c.,

.lécal particle speed difference between adjacent cells of constant mass).

it should be noted that Q as given above has a negligible val.e outside

the skock region. . .

The computations were carried out on 2 B‘urraxghs B5300 digital

comp’ from an ALGOL program developed by John O. Erkman and
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adapted to porous solids by George Duvall. The eszential steps in the
calculation are summarized in Appendix I, whire the entire program

has also been reproduced.

2. Equations of State

The equation of state inforrmation has been programmed a¢

{follows:

216/6¢® Styrofeam

The relations .
(v-vi)(vnv,)

v‘-v
P=P +b
VY, (v-v)®
) 13
’ . ' . (lz)
'V V<Y
» 1
for .
0<P<P
2
where P, v'1.6 kbar, V, =31.25 em3/g, V, = 0.9422 cm#/g, and -
bx0.1; and : ' '
Vo \ v s
G a - ;
P*A(mv -/+B<v -)
. ; C o 13

:fvz#
/]

for o
Pry L s
%

whers A = 90.5 kbaz, B ¢ 200 kbas, and ¥

- -

% 00,9524 cmalg' ,!bn-edq

G “
en the data of Wagnezr et ul.® for'1.05 g/cm‘ polystyrane} have been,
aunnd in the STYROFOAM procedurs {zee Appendix 1). . R
$061-T6 Aluminum Flysr Plate
The relations . ) T, . , .
1% .
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have been given by Lundergan and Herrmann® and were adapted to the
elastoplastic model using the ELASTOPLASTIC p.ocedure developed by
Erkman'® {see Appendix I).

.

Quartz
‘The relation

; ) P = 869.5 (l-VlVo}kbnr, (15)

where Vo = 3.774 cm’/g, nas been devised from the data of Graham
et «l.}? and used in the WATER procedure (see Appendix I) to represent
the equation of state of quartz under both sheck and rarefaction. The

value 0.5728 cr/gsec has be - used for ('tp of Eq. (11).

Porous Targets
For the vorous 2luminum and graphite targets a new procesurs
called PHASE TRANSITION which allows Lysteresis tc sxistina

L L]

compression-rarefaction cycle nas been writien by Ceorge Duvail. The

. e -

available P.V information’for the porous tisgets and the «3Ssumptions

made here are best described with reference to Fig. 3.

e =

The experimental results repozted in Section VI give values for

L.
v

the amplitude Pl of the forerunner wave in the target material and for

e

the corresponding specific volume V‘. These, with the initial volume

Vo, give ‘e end peints of a quadratic which has negative slope and

N et

positive curvature for V1 sVs VQ. provided that 0 <b < I:
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Along AB (v_vo)

Y-V
1 v

(V-V (V-V}
] 3

P=f(V)=P + 8 (16)
i

vy
1 o0
where V= 0.478 cm?/g, Vv = 0.474 cm®/g, P = 0.446 kbar and

b=0.1 forthe 2.1 g/t:ma aluminum foam studied and V° = 0.580 cm?/g,

V.= 0.576 cm®/g, P =0.27 kbir, b= 0.1 for the ATJ graphite.

ool

VOLUME
N [Yert Ty

" FIG. 3 ASSUMED P-V DIAGRAM IN PHASETRANSITION PROCEDURE

.

The quadrstic form for the P-V curve in this region was chosen
ior the {ollowing resson: If a wavefront is stable, the locuz of sistes in
the P.V plane followed by 2 mass slement passirg through the Ravefront

PR Aras e

is & straight line, i.e., the effective normal stresg Pt =P+ Q= a{v-v,).

14
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The grndi;nt in the .wavefront then adjusts itself so that G = a(V - \.fo) -P.
If the cnrvature of the P,V relation is zero, the corresponding steady- '
state valux of Q is zero; however, the rise time of the wave will depend

upon the value of Q, as discussed in Section VI. In order to allow some

freedom in adjusting the rise times to match cxperimen‘t {Section VI-4),
b has been given a small positive value. If rise times are of no interest,
the value of b can be set equal to xero.

The curve BCD connecting the elastic curwve AB with-the solid

curve GDE was chozen in the Murnaghan form (but with arbitrary Kj:

v\R }
: K by
{ P —— | i -
Ptf.,v) =P1+ R ( ) 1 (17)

Values of parameters used weze Il'-’x =.0.46 kbar, V, =-0.474 cm?/g,
K=12.06 and R = 2.0 for 2.1 g/cm?® aluminum foam, and Px = 0.23 kbar,
V, = 0.576 cm3¥g, K =2.909, and R = 12.6 for ATJ graphite foam.
Equation (17) is a curve with positive curvature passing through P,, V|
which allows partial compactio;: between (P,, Vz) and (P, V,) and insures
cempaction to crystal density at (P,, V,)(see Section VI), where the re-
sulting valucs of P and V.are 4.5 kbar and 0.367 cm3/g for the aluminam
foam, and 7.5 kbar and 0,433 cm3/g for thé graphite foam., The values
of Pz and ‘\v'1 were determined experimentally (Section V1), while the
valuet of the other coustants were adjusted to be consistent with the
attenuation upcrimcngx of Section VI-4 (rather than directly determined},
and therefore &re highly subject to the effacts of any exrors in the value
of P, ; ' )

The cquation ussd for curve GDE was of the form

v v 3
G G
— " 1)+ B (--—--v - ) (18)

where A = 729 kbar, B = 1717 kbar, and ¥ = 0.369 em®, j for the
2.1 glem®aluminum foam, snd A = 193 kbur, B = 2855 kbar, and

"Pxfiv)=zA
f 3

L

- -~

3 N . .
- L - . Rl 15 L -

PEYY Tt




S A .

<oy

.

Vg = 0.444 cm®/g for the ATJ grap.hit‘e. The valdes of the constants

for aluminum were inferred on the basis of extrapolation of the measure~
ments of Al'tshuler et al. *? and normalization of the data of Lundergan
and Herrmann® on 60!';1-’1‘6 sluminum. In the case of ATJ graphite, the .

sos H
constante were chosen by normalizing the data of Doran. :

The compression process is assumed to correspond to a Hugoniot
represented by the curve ABCDE specified by Eqs. (16) to (18). If ex-
pansion occurs before point B is reached in compression, it is assumed
to occur along BA. If expunsion occurs after point D is reached, it is

assumed to occur along EDG.

For luck of better informaticn it is assumed that if expansion
occurs from any point C along BCD, it occurs along a path CF which is -

chosen according tn the following prescription:

Along CF:

V-Vc (V-Vc)(V-Vco) 3 .
P:.'f (v)EP 1+ +b (i';;
int c Vc \(co vV v )x J
c_co
where (Vc. P ) is the point on BCD where compression stopped and
expansion began, Vco is obtained from the simple proportion:
A v .y - - n
c6 o L i
VoV = Vv . . . . {20) —
R o . P2 S : ‘

and the other quantities have the same values as specified previously.
This recipe is simple and easy ‘to compute angd it ‘arces the expansio&i ’
curve to coincida with AB when C coincides with-B. It eifectively ws-
placas Eq. {18) beiow point D, but the difference between the two curves
is small between D and G. It is furtaer asaumed that if & reversal from
expaneion to compression occurs whils the atate point lies on FZ, com-

pression will procaed to point C and then along CDE as-befora.
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NOREL Precedure for ATJ Graphite Target

In view of the results of the recover:y experiments of Saction VI,
2 modification of the calculation routine was investigated for ATJ
graéhitél. The PHASE TRANSITION procedure was not used because of
th'e experimental observation that in contrast to the aluminum foams,
graphite foais recovered to essentizlly their initial densities after be-
ing shocked in the preﬂux.-e range of interest. Therefore, the NOREL
procedure {see Appendix I) was to assume paths along ABiJE (Fig. 4)

. ’000

4= 0100~

FIG. 4 ASSUMED P-V DIAGRAM IN NORE'. PROCEDURE

~

for both compression and rarcfaction waves. The equations used along
AB, BD, and DE wera the same as the compreasion curves discussed

sbove, with the exception that aleng AB the value b = 0.1 was usud for .

e
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compression but h ¥ 0 was used for rarefaction, so as to avoid
artificially introducing a rarefaction shock. (A flow chart is given in )
Fig. 25, Appendix 1.)
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MATERIAL DEVELOPMENT. . __

Les
.

Specimen Fabricatinon

To perform reliable experiments, the target mzterials must
have reproducible behavior and must be homogeneous on a scale small
compared with their thickness. In the case of carbon and graphite
materials we have of necessity relied upon the commercial auppher.
ATJ graphite was chosen for most of the work becauce it provides the
best combination of desired propeities {i.=., homogéneity and yield
strength). Other types of graphite and zarbon were used for the param-
eter varistion studies; although they were less desirable materials, - ’
H.rzy transiission and volumetric density measurements indicaled
them to be reasonably homogoneous, with tha exception of GA Coke.
cardbun. All graphite or carboa foams were essentially of the "open cell”

type (1. e, they were not impervious to the pusnge of gues)

In the case of porous aluminum specimenu. a considerable amount
of devalopmental work was done. Suitable zluminum foams are not
commercially available. The ~aly commercial aluminum foam used was

MD-AK(zee Appendix II), which was rather inhomogensous, although its. .

low density and high yisld strength indicate it to be very promisingasa .-

shock pressure sttenuatsr {(see Section VIj. e

The m.a.jcr problem in making aluminum foarns stems {rom the - - -

hard, nearly impervious oxide layer which forms on 2ll aluminum -

surfaces. We have employed threz techniques for producing homogeneous .

foamns in the nominal deasity range of 40 to 80 percent of crystal deneity
{deperding on particlé shape and pressure of pressing). These techni-
ques are; {1} hot pressing of alwminurn powders; (2) cold pressing of -

Y

aluminurn powders with subsequert sintering; and {3) re;;oated hot - -

Eaed .. ~
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preesing and sintering of a mixture of aluminun: powders and thin.

walled silica microballocns.

The hot pressing was accomplished by heating (to 450-570°F)
aluminum powders of known particle size distribution in a hardened
steal die and then pressing to the desired density (using 700 to 20, 000
psi). .

For technique 2, the aluminum powder was cold pressed (9500

to 13,000 psi) to essentially the desired final density. Thin specimens

_ were pressed into solid zluminum rings (with 1/8-inch walls) for e.ue
of handling, The sample disks were placed in a stainless steel box on
graphite pads. The box wis put in a furnace and an argon flow was
maintained through the btox. The te:nperature of the furnace was raised
from room temperature i¢ 1000°F ovar a period of five hours and held
one hour at 1000°F; power to the furnace was then shut off. The furnace
cooled to 200-300°F in about five hours, during which time tl_xe argon

flow continued.

In the case of aluminum flake, the powder did not cold bond. It
wat therefore necessazy to add a amall amount cf wax tc make cempacts
thet would hold together well enough to be handled. '.'.;he:e compacts
were heated more slowly to give the wax a chance to fume off. Maximum -

sintering temperature was 2000°F, - .

Under technique 3, aluminum powder and silica microballoocns
{walls about 2 microns thick) were mixed in an elbow Llender and
the mixturs was placed in a graphite pressing die in a pot furmce.' The
temperature was raised to 900°F over a pericd of five hours, The die
was ther removed and the mixturc was pressed at about 500 psi. The
matarial was then returned to the furnace and heated to 1000°F, held
one hour, removed and prassed t> 500 psi, returned to the furnace at

1100°F for one hour, pressed agiin to 590 psi, and then allowad to
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cocl to room temperature. Densities achieved indicated that about
%alf the porosity was due to the microballoons and half to ordinary gas-

fillad pores.

Exczpt for the commercially ottained MD-AK all foams were

essentizsily of ‘the "open cell' type.

With' Tachnique 2 it was easier and lesz expensive to control
specimen quality than with Technique 1, although there is no inherent.
superiority of the method. Specimens we.re mnade in the shape of
3}.inch-diameter disks of various thicknesses and were subsequently °
mechined to size if necessary (e.g., in the case of the quasi-static
compression samples). Techunique 2 was used only for foams of density

%60 percent of cfystal density. -~

. -
A T

2. Metallography and Quality Control T

The metallographic method involved saw-cutting specimens
{oriented parallel 0 and perpendicular to the pressing direction) from
the sintered a.lmnhi.um foam umx‘::les. Special care was taken fo avoid
deformation of the f~;am in the regions to be examined. The samples
were vac;mm-impregnned with epoxy resin and catalyst {(Armstrong
C-7). Surfaces wers preparsd by wet :nnding on silicon carbide coated
papers, 100 through 300 mwush, hand lapping with 30-micron aiu'mim;
and final polishi;a; witk 6-mizzron diamond. In some cases it was neces-
iary to reimpregaate thé polizhed surface with epoxy and repeat the _
sending and polishing opcvrationd. The looze powder samples were
mounted either in L.acite or in epoxy, depending on the nature of zhe
ypar:iclu. The particle gizes observed in the fcam samples correspond
to the screen fraction ugsed and to the particle size and shape observed,
in the powder mounts: hence it is reasonable to cssume that the ztr;tc:o

ture of the fram obscrvad is real and not the result of grozs distortion, '

S .

cold flow, ete. .
21
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Types of powders used u.tld the resulting foamns are chown in the
photomicrographs of Figs. 5 and 6. No differences were noticed be-
tween photomicrdgraphs taken at orientations parallel to an;'l perpendic-
ular to the direction of pressing. The small dark spots in the particies
of Fiés. 6a and 6c are probdbably polishing pits.

. In addition to the metallographic examination, selected specimens
were checked for uniformity of density by either X-ray transmission or
sectioning and weighing. Longitudinal acoustic velocities were measured

{see Sections V andV}) for each specimen as a means of quality control.

The aluminum powder used in the foam for which the detailed
Hugoniot me'uurements to 25 kbar were made (see Fig. 6a2,b,c) and on
Which the atienvation studies were performed was the “chunk" powder
type MD801. (see Appendix 11} of crystal density 2.71 g/em®. The manu-
facturer's spactroscopich analysis d:iccloaed.thc compo:itic;n to bes

AL 99.5% _
Fe -~ 0,15 o
_ si . 0.06 . .
, v e Zn . 0,02 .: ¢
. 0. .- e21 . .
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SECTICN V

EXPERIMENTAL TECHNIQUES

1. Shock Wav.a Measurements

a. Technique for Measurement of Hugoniot Points

All Hugoriot measurements {including the parameter vari-
ation studies} employed the impedance-match method (see Fig. 7). The
projectile (made from 2024-T351 aluminum, 2 material with a reasonsbly

well known Huigoniot®) was accelerated to a velocity u, and impacted

PR < . . v .

.. FARTICLE VELOCITY

FIG. 7 WLUSTRATION OF IMPEDANCE-MATCH METHOD FCR
MEASUR'KG TARGET HUGONIQT .-

* Ertrapolation of the fata of Fowles}* for 2024-T4 aluminusn, in conjunce

tiom with dther data 2t 5, 13, ard 17 kbar.
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the target materiai. The initial state in the projectile is represented
vy point 2 of Fig. 7, and tha initial state in the target material is rep-
reaentec by point O. The conservation relations (jump sonditions) re-’
quire thay upon impact both materiale rnust rzach the pressure-particle
valocity state represented by point B. Conservation of momentum re-

quires that acrose a single shock

.

P :-P .
uB ) :pU .
B-u° [- 3K J - i R

where P, As the initial density of the target maierial and U, is the

velocity of a shock of araplitude characterized by Py and ug in the '

material. Thus, measuring the shock velocity experimentally and

knowing the initial density of the target, a line éirough point O can be .
drawn with slope pa L" . At point B this line intersects the known ’ .
projectile Hugoniot d=awn from 1 .int A, Therefore, point B must lie

on the Hugoniot of the sarget. Using diffsrent projectile veiocities (i.a., ;
various values of'n A)’ we can trace out the entire Hugoniot for the tar-

get material.

u PB of ‘Fig. 7 iz less than Pc of Fig. 1, a single shock is un-
stable and the pressure pulse in the target will coneist of two frcnts,
ons of amplitude P (P, of Fig. 1), and the other of amplitude Pg. The
dets rmination of the target Huzoniit iz than mor: complicated, b;xt if
Pz<< PB no great error will be introdvced by adopting the followi;;g

procedure, as illustrateqd in Fig. 8. -

1. Measure PQ with a gunarts gage, ax dezcribed below., .

2. Moeasure {V ot ard a draw line through O with slope
;3"(3‘)“.z {point B is as yet undeterminec)),

3. On the basis of other cross-curve data, obtainad at higher
prennrm.‘ estimate the crors 2urve from the line found in

atap 2 to point 2 measured in step 1. This fixes .paint E.

2% - \(: .
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4. Calculate pp {from the jump conditions ard draw line EB.

5. Proceed as in single shock cass.

P b P the uncertaiaty in the estimited cross curve bectmes
very important; itcntion may help. A serious problem is also intro-
duced beciuse (U )EB will be in srror due o reverberations of ‘the fors-
runper batwaeen the qnnttt gaye and the taain wavefront. If P >> P
howxever, the uncartainty in the cross curve is of rather minor

iroporiance, and not oniy wil} the raverberations of the forzzunaner
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occur cver a relitively small percentagc of the total transit time a-er
which (UQ)EB is measured, but each reverberatiou results in enly &

small periurbation in (U.)EB .

Implicit in this entire deveiopment i the assumption that steady
state has been reached. Furthermore, since shock velocities are
measured as averages over the transit time in the specimen (see below)
consideratle error may be introduced if steady state hac not been
achieved in a time short compared with the total transit time. The situ-
ation {s clarified, however, by repeating experiments with different
target thicknesses but the same projoctile velocity. In the experiments
reported }_xerein. forerunner pressures (P.) have nct b:en found to be as
reproducible xs desired; however, confirmation of Hugoniot points for

Pa >> P° haz besn excelient {see Section VI).

E‘.xce'p; whers noted, all _experhnenta en.nphyed quarts gages as
the prirnary sensing elemunt. The quarts gage is an‘electroded (with
guard ring) X-cut synthetic quartz disk. Current from X-cut quarts
crystals may be used as a sensitive indicator of stress-time profiles,
as discuened in detail by Graham et al.}® The current amplitude and-
its time i!cpendcnce are functions of the dielectric, pie:oeiectric. and

mechanical properties of shock-loaded quarts.

Tha normal stress diffcrence betwean the two faces of the disk
ts glven initisily by the velation .- ’

1Y vg - . R . )
AP = ﬁﬁ:ﬁ 4 o (21j

whera V iz the potantial drop acroas the tot:l load resistance R
through which the piezoelectric current flows; t is the thickness of the

disk; A ia the active glectrode area, K is an exp:rimentally determined

surrent coefficient, and U‘ is the shoclk velccity ia quartz. Values of

- 28
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U. and K are given by Graham et al. 11 as a tunction of stress.* Rather
than using their suggested average values for each pressure range, we
have chosen to draw best-fit curves to their data; the discrepancy is
small, however. For the quartz gages uscd in our experiments,

4 =0.201in.%, £=20.376 in., aud R = 51.00, so that Fig. 9 may be
used to detsrmine the normal pressure at the specimen-quarts inter-

face from mesasurement of the voltags across R.

-

T T T T T T T T T T T

DO O O 0 O 0 B
AL Ly ity

T NS N I T N O B
1} 3 1 3 20 M = 32 38 40 44 4 2
CAGE QUTPUT SIGNAL —- weits

v
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»

- 2008-09

FIG. 9 CALIBRATION CURVE FOR QUARTZ GAGE WITH: A = 0.201 h}
l = 0376in, AND R = 31.00Q

as a function of time. As the shock prop&ga:ea; ihrough the quarts, the
curve of Fig. 9 will shift continuously in the diraction of highez voltages

* The values of K above 18 Xbar and of U' t&bove 25 kbar show some
scatter, however, so that computed prnures are probably lass
reliable at the higher pressures.
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for the same pressure, perhaps reaching 2s much as a 7-percent in-

crease for transit of a 20-kbar shock, so that pressure-time profiles

- raay be distorted and corrections.should be made to avoid exrors in

interpretation, Since the magnitude of the shift depends on shock am-
plitude within the quartz disk, results for the second wave of a double
wave profile should not be affected much by the passage of low-amplitude
forerunner waves. As described hbelow, the gage was surrounded with
potting material which approximates the shock impedance of quartz, sc
that for the shock attenuation experiments the useful lifetime of the

Zage could be extended by reconatructing approximate profiles (i.e.,
aince the voltage is proportionai to AP, the value of P :ct the specimen-
quarts {nterface could be estimated by adding the stress value found one

transit time earlier--that is, 1.66 usec earlier).

Avarage shock velocities were determined from the time inter-
val between tilt pin clogure (see beiow) and the time at which the pro-
file for each shock reached half its total associated pressure increment
(ses dizgram sccomr anying .‘I'able V1, Appendix III). The use of this
“hali-wave point™ for mea-sux"ing velocity can be argued on the basiz of
the profile shapas (see Fig. 21) and has the fortunate advantage of pro-
viditz the lesst opportunity for random reading errors.’ -

b, Expetimental Details

- -

Target Prepanudn. Tke p'::igne censtitusnts of the target

assembly are the specimen, the adapter ring, the tilt pins, the sensing
slement {quaris gage), and the radial velocity pins {see Figs. 10 and 11).
Each specimen was lapped to a tolarance of 0.02 ;ni-n'to 0.0902 mm
{depending on spacimen material and ‘projectile velocity) and then

* attached to & prefabricated molded support, which was thick erough to

prevent bowing of the spacimen {see Fig. 10). This support was con-

structed from a mixture of Armstrong C-7 epoxy and glass beads
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{40 K to 75 Y size rang~)in z proportion adjusted to approximate the
shock impedance of the quartz gage. A thin layer of quizk-setting
epoxy was applied to‘the lapped surfaces of the molded support and
the specimen, which were hzld in contact by 2 uniform pressurc until

the cure cycle for the adhesive was complete.

The four ilt pin clearance holes were drillad at 50° intervals
using a guided No. 51 drill; the tilt pin wires (copper, No. 22) were
bent and icserted throu_gh the rear face of the specimern until they ex-
tended about 1| mm beyonc the impact surface. The bared portion of
each tilt pin was supported near the center of the clearance hole by the
insulation {which covered the.conductor for approximatcly half its .
length in the specimen). Quick-setting epoxy was used to {ill to excess
the remaining volume between éhe pins and the walls of the clearance
holes, so as to give good bonding for positive location and_ mechanical
support. On the rear surface of the specimen the conductors were zlso

potted with quick-aetting epoxy for support.

After the pins had been permadnently located with respect to the
specimen, the excess patting materinl and pin lengths were removed by

filing and lapping until the leading surface of each pin lay within 0. 002

mm of the plane defined by the impact surface of the apecimen'a_s deter-’

mined by a dial gage. Aay small deviation from this plane was noted

and considered when the shot data were reduced.

The quarts gage was ci&mpe.d ﬁ.:'_zr.lly in placc on the rear surface
of the specimen, and a small umou  of viscous quick-setting epoxy
was applied around its cixcumfarence. The rea.ulting bond held the '
gagz in place during subsequent potting and formed a seal that did not
allow any potting material to seep between the ga'gs and the specimen.
To check that the gage was in good contact with the specimen, a com-
bined thickness mecasurerent was mace across the specimen and gage

and waB compared with the sum of their individual thicknesses.

* . 33
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After the attachment of an electrical ground and the necessary
signal cables and bias resistor, the assembly was potted with the pre~
viously described cpoxy-glass bead mixture. When the potting com- m——
pound hed cured, electrical checks were made to determine if thexre
viere any. shorted pim‘or faulty connections. The assembly was placed
in @ carefully machined recess in the adap.er ring and fixed in place

with ahell Epsa (No, 911F) tdhesive. which provxded a vacuum-tight : .

-

. seal.
The adapter ring was also -used to locate the three retractable
radial velocity pina. These 'pins were located by using high-precisioa
guide holes in the adapter ring to define a plane parallel to that of the
spscimen at an accurately measured distance of about 6 mm. The dis-
churge of theue ping upon contact with the projecnle w23 detected and
rceorded as ducrlbad in detaxl below,

Proiectﬂu. The 7. 6-cm-long. hollow 2024-T351 aluminum
projectiles used in all Hugoniot shots (see Fig. 10) were fabricated on
2 lathe and subsequently phceé in a cloze-fitting guide ring for machine
lapping. Final squarenass and slatnesx of the projactiic head were .
generally held to within 0.002 mm Projec-tile heade were either 6-mm
or i2 mm thick: For the shock attenuation shots it was desired to im-
. pact the farge: with a short-duration, high-amplitude pressure pulse
rathar than the flat, long~duration pulsec provided by thick projectile ‘ )
heads: To this end, 0.0160-inch-thick 6063-T6 aluminurh flyer plates . b
were prepared in the form of 2. 3é-inch-diameter disks. Each flysr - ‘
plate was mounted on a l«incheothick piece of low density {2 1b/cu ft} ' .
styrofoam, which in turn was mcanted on the head of a modified 2024 ‘
aluminum projectile {se& Fig. 1z). Care was taken to mount the fiyer o

Flats perpendicular to the projectile walls,

P . s L '&1 .. maan om m mmem mamey —~——r
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F1G, 12 PROJECTILE ASSEMBLY FOR SHOCK ATTENUATION STUDIES

By use of this ﬁye;- plate assembly, it was pozsible to achieva
relatively plane imparts with the deaired pulse length {~0. 15 usec} and
input momentum densities {~0.5-0.75 x 10* dyne-sec/cm®). The '
styrofosm support could produce only a very minor pe_x-turbation on the '
shock profiie, * and the 2024 aluminum projectile could play no role -
whatever during the times at which profile measurernents were made.
Al pro‘ﬂ'l'e measurements efnplojred the quartz gage techniques desaribéd

e

below.

Target Alifnment Procedure. It is extremely important to -

minimize the relative tiit lctween projectile and target because shock
wave velocities are typically an order of magnitude greater than the

associated particle velocitics even for foams at the shock strengths used

in this study,

% The effect of the styrofoun was ivnplicitly taksn into account in the
attenuktion calculations {see.Section 112); a compacrison of calculated
shock profiles with and vithout the styrofoam rupport is given in

oaVL :
Section 35
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.The target assembly was mounted on the muzziz end of the gun,
the position of the target being controlled by four clese-fitting Jovel

pins, and three fine~threaded alignment screws. A reference plane per-

peadicular to the axis of the gun barrel was provided by the alignment

tool (see Fig. 11). The screws were used to rotate the Iree surface of

the specimen into this plane without breaking the vacuum zeal,

The alignment tool is a €6-cm bracs cylinder that closely fits
the ~ore of the gun barrel. The precise clearance required is controlled
by using three adhesive cellophane tape strips spaced 120° apart on the
circumference and extending the length of the cylinder. A short celin-
phane flap extends onto the ends of thHe tool. The huild-up of these strips

involves the use of two or three layers of tape, each in turn being cut

et

..
o vana ay,

to length from material 5 mm wider than the previous lzyer.

-

Four adjustabie hardened steel ping and a light spring tension

ground wire ars mounted on a Micarta head attached with an epoxy ad- -

hesive to one end of the alignment tool. The steel pine are adjusted and
heud-lapped to within 0. 002 mrm of each other. Eloctrical conductors
extend from the plnz out th.rough the breacn plug of the gun to a 12-veolt
power supply and four indicator lamps. Contact of each pin with the

{conductive) specimen cempletes a circuit that turns on a specific indi-

cator lamp. Contact pressure is supplied by a weak &pring located be- .
twesn the breach plug and a long rod “"handle" bekind the brass cylinder. §

The target ali'gnment procedure {see Fig. 11) consisted of (1) ' S 3
stiding the alignment tool down the ~gun barral until it cvntacted the . §
target, (2) avacuating the system, (3) turning the thrie fins-threaded- - B
alignment screws until contact betwzen the adapter risg and the vacuum  ° C
manifold #as broken (the ends of tiis screws and the "O'-ring tren pro.’
vided total support for the target assembly), and {4) adjusting the aliga-

ment scrows until all four igd’ccatox lamps ware glowing aniformly.
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The alignment was checked by venting the gun barrel to atmospheric .

pressure and rotating the atignment tool by 120°, 240%, and 360° (re-

evacuating each ime).

1f all four lamps were lit for all three positions of the alignment
tool, the target was pe-pendicular to the axis of the ;gun barrel to withih
about 6.002 mm. The failure of all four lamps 2o light simultanecusly
after rotation of the alignment tool was an indication that the target vax
not {la+ to the required tclerances. The dc;viation from flatress could be
estirnated by the amount that the alignment screws must be turned in

order to light the unlit lamps in the rotated configuration.

The tilt pin arrangement described above allowed the measure-
ment of both magnitude and orientation of tilt. Each pin was charged to
+ 22v, and discharged upon contact with the (conductive) projectile. To
display the occurrence times of electrical pin closures unambiguously,’
a binary coded system was empioyed {see Fig. 13). The tilt pins were
charged by 2 1 uF capacitor that {formed part of an RLC circuit. When
sach pin was grounded it discharjed through a different resistor, re-
suiting in a different current and ultimately a different measured voltags

across the 50 £} output resistor. * The signals from the four pius were

conveyed through a single cable and displayed on an internally triggered,

cathode-modulatad (3ee below), fast-rise oscilloscope oweeping.at c.1
Ksec/cm (see Fig. 14a). As tho flatness of impact is improved, the
vbitage steps bLecomsa more and more coincident until only one large

stap is seen (Fly. 14b).

Projectile Valocity Measurcment, The firat Hugoniot shots {ired

{Shots 11,117 to 11,316} employed a linear arruy of slectriczlly charged

*# ‘The resulting signals ure given -elative amplitudes of 1, 2, 4, and 8
{sse r2cord of Fig. 14a) by use f the circuit resistors speciiied in
Fig. i3.
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FIG. 13 BINARY CODER CIRCUIT FCR DISTINGUISHING ELECTRICAL
PIN CLOSURES

contact pins \¢hich extended through the side of the gun barrel and weze
discharged through thke projectile (see Fig. 10) for deducing projectile
velocitiea. The measured times at which these pins discharge were
used to compute projectile velocity and acceleration; the results were
than extrapolated to determine the velocity at time of impact. Subss-
queni Hugoniot shots employed the more accurate radial velocity pin
syotem pictured in Fig. 10. The radial velocity pins are retractable
brass rods wita 0.25-mm-diameter "whizkez' ends that are electrlc;lly
charged to + 10JUv and opora;e through a circuit similar to that of

Fig 135. They lie in a plane 6 mm frc 1 the impact surface of the tar-

get and may be extended radially into the path of the projectile after the

target has been aligned (see Figs. 10 and 11). The final position of each

pin is controll~d by a carefully machined shauldsr in exch guide hole
(se2 Fig. 10). Timing signals ara prodc.ed when the charged pins ar~ -
grounded upon physical contact with the c:inductive projeciilc {which,

in turn, is coupled to ground through the ;in dbzrrelj. One of the radist

pins {3 0.05 mm farther from the target and connectea to ground,

The radial pin signals were displiyed on an int:rnally triggeved,

cahtode-rasdulated, fast-rise oscilloscop: sweeping 2t 0.1 paec/em.
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Fi, 14 OSCILLOSCOFE RECORDS SHOWING TILT PIN CLOSURES
AND CATHODE MODULATION TIME MARKS
(a) Torget nos pracisely aligned; order of pin closure is 2, 8, {, 4,
(b} Toeget aligned; pin closures cre essentially simultaneous.

This allowed smal) positioning errors in the pins to be avaraged out
and alro allowed tilt of the projectile to ‘be taken into account in-the

velocity computations.,

o

The first r;dial pin rlosure signa’ also started a 18-mc counter
and was displa.yed on a raster oscilloscoye. The first tilt pin closure
stopped the counter and was displayed ot the raster oscilloscope. The
informat(on thug obtained, when used in cuijunction with the cathode-
modulated, binary-coded oscilloscope recr rds, was sufficient to

.
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calculate to within zbout 0.0l usec the time intervai between the pro-
Jectile arrival at the plane of the radial pins and the impact with the tar-

get {see below).

Time Correlations. It is important to establish a well defined

time base, so that correlations can be made betwee:: avents recorded

by dif{ferent instruments, If an oscillosc_ope trace has a {iducial mark
accurriné every 0.50 gsic, then twe separate events, such as the clos-
ing of a tilt pin and the occurrence of a quartz gage signal, may be in-
dividually recorded on different oscilloscopes set to trigger internally

er through zome delay. These oscilloscupes may be set 0 sweep at

0.1 ysec/cm so that much detail is resolved. If the relative occurrence
times of events are known to the nearast half-microsscond {perhaps from
a slow-sweeping orcilloscope), the fiducial marks may be used to pro-
vide the necessary accurate correlation, provided the iiducial marks

themsulves are zccurately controiled,

The cathode modulation timing system deszribed below minimizes
srrors due to variations in oscilloscope sweey spsads and trace linearity,
and {s capable of providing tims correlations between oscilloscopes to
within 0,01 usez. Cure must be taken, however, to employ the norma.
precautions to prevent high-{requency noise irom- appearing in. tha data
signal traces (i.e., use shielded cables, greund ogcilloscope chzasis

atc. ).

The time marks origiuete {rom an E-H Modsl 120D pulss gener-
a.or* capable of supplying puises 9.01-usec wide.. ‘The pulse generatox
wa2 controlled by an external kigh-stability. temperature-compensated,
i- me crystal oscillator. The timing pulses ware usad to modulate the

cathode bles voltage of ihe oscilloscope CRT's (sse Fig, 15}, Pulse

% Manufectured by E-H Ressarch Labor .toriss, lac . Caklxad,
Callferais.
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Fi5. 18 BLOCK DIAGRAM OF INSTRUMENTATIOM FOR RECORD:NG
ARD CAUBRATING DATA SIGNALS

amplitudas were adjulted so that the time marks were represented by
blanking of the olscillascope traces at 0, 5-usec intervals. Te allow cor~
relaticn of different signals, the electrical cables labeled in Fig. 15
we <hosen to ba of the same type and have lengths zuch that

JB = JC-BC = JID - BCD = JEE - BCDE, (22)
The lengtha of the other cablus shown in Fig. 13 wers nat important,
since the calibration procedure compaasatas for their effects.

The calibrador procedw e involved connscting all the dott;d
cables as indicated in Fig. 15 and removing the tarmination resistors at
A, B, C, and D, while leaving wie oscilloscope sz1eep £paed settings and
al} other cables and delay units the sarme as durir: the gan shot. Oscillo-
scope records mada with the system in this configeration appear as in
Fig. 16s, whare a cathede modulation tizalng mark occurs at time ¢
on the trace , end the maximum of the blanking pulse which preduced the

time mark is digplayed at time tx‘ The interval {t uto) ragpressnts the
sum of the interaa! delays in the wacilloscope and tle time delayu
associated with exiernal delay units and the

4)
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extra length of cable through which the pulse must travel between tim
cathode and the vertical input terminal of the oscilloscope. A compari.
son of the value of (tx « t,) for ezch oscilloccope was used to acdjust the
shot data to 2 common time base.* Since the time marks were used &t
0.5-lsec intervals only, a 10-mc sine wave was used to check lir{earity
* of the oscil-losrc:pe sweep between time marks. A typical oscilloscope
record from a quartz gage shot using cathode modulation time marke iz

shown in Fig. 16b. Shots 11,269 to 11,799 employed the time mark

system described kbave.

2. Measurement of Longitudinal Sound Valocities

Figure 17 shows a biock diagzam of the sound velocity meersuring

system. A 0.6<isec squara-wave pulse from a pulse genarator is con-
verted intoc small-amplitude approximataly sinusoidal mechanical waves
of 1 mc/sac frequency by 2 se: of two independent piezoelectric (PR T-4)
crystale contained in the mercury delay lins and the sample holder. The
mechanical waves traverse their respective media and are reconverted
inco elpctrical signals by the second set of PZT crystals. These "output"
signals may be viewed on an oscillosccpe; their difference is found by
the Type 1Al amplifier, The length of the Hg column is carefully adjusted
so that thiz difference equals szro {i.e., Signal A s Signal B); the system
is then rulled and the time delay through the mercury and the nmblc .
are the 2ame. ) '

< ‘The longitudine! velocity of sound in mercury {1.446 mm/}sec at
25°C) is accurately known and quite insensitive {-0. 000465 mm/ussc/°C)
to reasonable temperature changes; thus it makes an ideal medium for
cemparizon purposes. Ths "null mathod" for determining the velocity

" of wound in a solid ma.erial rsquires that:

# If the cable leagths satisfy Eq. {22), 2 commmon time base is estab-
Hshsd by simply - ibtractin, the approsriate valug of {8, +t,} from
the times indicat 1 by the cathode mod lation time marks in sach

shot record.
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where
4
! " thus,
E N
;
{
;
: where

L T L b Yeea Y e TRV e i g A

bivg P

$COPE
T \,;:g,h%—: P TRIGGER
z ‘S '7;Al 3 z
T ?”3“»“& 1 :
Hg DELAY LINE @
pULSE LA A-sl 54sH
y#
%ﬁ — T8 SCOPE
WA AMPLIFIER
SAMPLE TYPE 1Al P{UG-IN-UNIT
GA-IRO2S $1-134

FIG. 17 BLOCK DIAGRAM OF SYSTEM FOR MEASUREMENT
OF LONGITUDINAL SOUND YELOCITY ’

t 2z delay time'thtough the mercury

t, = delay time through the sample

d - . d x
.ﬁ‘_{»ta :.._.'.n..q-g
VH‘ oHg Ve of

peth langth tﬁrough the mercury
1,446 mm/usec at 25°C, ~. :
time de. \y at sero thickness of the mercury ‘
column {consiant) . < )
path length through the specimea -

= time delay at zero thickness of the specimen

holdar (constant)

Ve = the longitudina: {scund} velocity being measured,
44
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v, T (23)
";—1 te Hg ~ t ]
Hg 0ot e
and the sound velocity (v') reduces to a2 function of path iengths, i.e.,
d' and ng. The value d‘ is determined independently of the electronic
measurements by direct measurement of the specimen's dimensions,
Several different thicknesses of specimens wers used to eliminate any
uncertainties associated with transducer-specirmnen coupling.
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EXPERIMENTAL RESULTS AND DISCUSSION

1, Parameter Variation

The parameter variations are illustrated in part by the photo-
micrographs shown in Section IV. A wide ranges of denszities and par-~
ticle {or pore) shapes, sizes, and size distributions was investigated.
Unfortunately, tnare is toe much zcatter in the dats (see Appendix. 914
to allow specific conclusions as to the effect of any single parameter
aione.in the above list; however, certain general observations can be

made.

2. MD-AX aluminum, which has the strongect matrix (solidi-
fied molten aluminum, rather th-an the weaker sintered bonds betwe‘en
pariicies-~sea Figs. 6 and 7) has the largezt precursor amplitude and
tpeed, despite its low density (1.45 g/em®). The situation is not en-
tirely clearcut because MD-AK has large spherical-typ.e pores rather
than small irregulazr cnes ae do the sintered maierials. Huwever, our
preliminary results indicate tl"ne pore shape, size, and sizs distribution

to be cf less importance than matrix strength.

b. For both graphite and sintered aluminum foams, the pre-
cursor amplitude and apssd decrease with incressing distention, but

experiments on aluminum foams show that diatention alone may not be as

“f

important as matrix strength, which may be expected to depend upon

the manufacturing pracess.

¢. In thc pressure and porosity range studied for each type
of foam, dynamic data show that the "compacted' volumes for pres-
sures above a few kilocbars are sssentially those of the solid materials,

regardlese of pirticle (or pore) shape, size, or size distribution,
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resulting in the plots of Figs. ié to 20 [see Section VI-C). Possible ex-
ceptions are MD-AK {for which we do not have reliatle Hugoniot points),
aluminum flake pne shot only; see also Footnote a tc Table II'}, and

GA Coke carbon{une shot only; see also Footnote ¢ to Table III}. Points
represanting compacted ATJ graphite show no dependence on orientation
xnd have not béen labeled with orientation in the figures. (Orientations

are given in Appendix I.)

d. Dynamie elastic limits scale approximately with quasi-
static elastic limits and lie generally within a factor of three of the

guasi-atetic values. Some scatter is preseant in the dats, however.

2. Precursor velocities are generally higher in foams which
have higher elastic limite. Quasi-static yield stress may prove to be
. & reascnanlie indicator of relative precursor velocities for a given type

of material.

{.  Measurad longitudinal acoustic velocities (see Section V-B)
tend to be qulim’;:ive {ndicators of elastic wave velocities, but are gener-
ally largur than the elastic wave velocity, as might be axpected for foams
(ace Tables V to VII in Appendix Iil).

It should Le noted that 'Lcckyer“ tas investigated nondestructivs
methods for evaluation nf graphise materizle {inzluding ATJ graphite)
angd found terrela*ions betwren such quantities as longitudinal sound
veloeity, bulk density, electrical resistviyy, tensile elastic modu!:ut.
ultimate tensile atrcng’.’é:. and dynamic elastic modules in flecure. Thus,
it ie reusonable to suppose that some inexpensive. nondestructive tests

may prove usefvl {ndicators of shock forsrunner amplitudes .1d speeds

2. " Termixal Observations on Recovered Material

Al of the 2hota fired were designed for the purpose of naking

T dyasmlic measureraents on the formse. However, in many czec: pleces
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of the targets whi~h had experienced Loth the ir ..al shock and the shouck
reflected from the foam-quartz interface were recovered in a condition

suitable for meeasurrments of density.

Results are shown in Table I, where the column headed ”pm.oz“
contains the range of maximum pressures of 1 uflected shocks experi-
enced by material for which the reported recovered d¢ cities were actu~
ally measured. In the case of "chunk' alurninum and /7 TJ graphite, tne
values reported for recovered density are based on the averagr fox
scvaral recovered targets. In the case of 2ll other materials the value
reported is vasad upon data for only one or twc shots, Table II contains
recovered density informadion for qn.;asi-uaticzlly compressed {with
These

data should e considered s cnly approximate typical values. In many

sides confined) specimens to serve as a busis for comparison,

cases the data are based on only one experiment,

The results sre very striking. Sintered sluminum foams evi-
dently "lock" at close to sclid density, whereas graphite ‘oams {partic~
ularly ATJ) recover their poroue character. Both kinds of foam ars »f

thc.opan cell type (as determinesd by a vacuum integrity test), so that

. the behaviot of graphite as contrasted with that of aluminum is rather

interssting. The MD-AK aluminum, on the other hand,; is a "cl_os;d

Y "GN b

FEIESURRER

i : cell” type of foam, so it wruld be expscted that gases wouid ba trapped
5, f _ in the pores during shock compression. It is not known, however, -
g : whether the lowsr density of the recovered MD-AK material is due to
% E "spring-beek' or whether the foam was never fully compacted.

} ? Thess results for graphkite and sintered aluminum foams bavc'

f ) t beon used in vstimating release curves for the shock attenuation calcu-
; ) ‘ ) lations (Ssctien XI); results ars givcn in Section VI-D. The "spring-

§ ' back’ phenomenon in graphits might be of further interest becauss it

D ) offers tha possibility of a countermeasure material which can function
¢ for more than one "hit.” . .

: % 49
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Tavle I
DENSITY DATA FOR RECOVERED SHOCKED POAMS

T
Oensity

Typicsl
Initial
Materisl Estimaved® | pooooe, | Recovered | of Bolid
p Density Materiul
{xbar) (g/cn?)
max (gfcw®) | (g/cu?)
Aluninum:

Chunk

(145-420 3t) {15, ...,60} 2.09 z.65 2.71
Niiled

(250-840 W) 5-10 1.08 2.6 2.7
Spherical

(5-106 p) 8~10 1.74 2.6 2.7
dpberical

{44-108 p) +
Microballoons

(44-108 p) §-10 1.63 2.8 2.7
\D-AK 6-10 1,45 2.3 2.7
MD-AX 80-70 1.45 2.5 2.7

Graphite:

ATJ 10, ...,80 1,73 1.7 , 2.2
Grade 80 ~ 23 1,02 1,88 3.2

L ]
Estimated ut quartz-fosm interface as described in Section VI-3,

3
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Table 11
. RESIDUAL DENSITIES OF QUASI-STATICALLY COMPRESSED FOAMS
!
. Typical Typical
t Initisl
Density Recovered
! Materisl Pux(kb") ?:7:;:’)’ at Ppex | Density in Die
: (s/ca?) (g/cn?)
Aluminum;
Chunk *
(149-420 p) 1.8 2.09 2.5 2.5
Milled
(250-~840 ) 1.8 1,03, 2,8 2.45
1.40
Spherical
(8-106 u) 1.8 2.11 2.56 2,56
Spherical
{44-106 ) +
Microbalicons
. (44-106 u) * 1.8 1.29 2.38 2,33
: ~
MD-AK 4.3 1.4% 2,42 2,31
4
Graphite:
4 ATS 1.8 1.72 2.12 1.73
; Grade 80 1,0 1,02 i.94 1.59
g .
' .
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3. _Xi:_.‘yon!ots of Fosms*

.

The plots of Figs. 18 to 20 sre comprised of points representing
macroscopic press:ire-particle velocity states for various graphite and
sintered aluminum foams. In &ll cases the Hugoniot points were deter-
mined by the impedance-match method as discussed in Section V, and
only the most reliable points available have been plotied. Typical voltage-
time profiles measured with quartz are shown in Fig. 2). Foam targets
of substantially different thicknesses yielded the same Hugoniot (i.e.,
yielded essentially the same shock velocity for the same impact condi-
tions), indicating that the shock velocities used for deteriniring the Huge-
niots must have bsen very close to the steady-stats velocitics. Thick-
headed projectiles were used for the Hugoniot shots and the "flat-topped”
profiles measured in quartzs testify to the fact that the peak pressure at
the shock front was not being attenuated befor: transit through the
terget. Rursiacticns from the sides of the targoet would als¢ have changed
the “fixt-topped" appearance and would have been visible in the guard-
ring records Srst. ’

As a basio for .lnterpum:ion, smooth curves based on theoretical
modeis and totally independent of the measured data are drawn-on the
same axes in Figs. 18 to 20. These smooth curves are derived from
the relations of conservation of masa and momentum across & shock front

{jump conditions) and sake the form,
10(u_ - u )*
P 3
Y -V
i P

Ps=pP 2
3

whsre P(kbar}, u (mm/usec). and VP (cm®/g) are the pressure, par.
ticle velocity, and specific volume associated with the state behind the
shock; and Pz (kbar), . {mm/psec), and V‘ {cm®/g) are the preu-ure._
particls velocity, and spacific volume associated with the state ahead

* Ses footrote on p. 1.
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of the shock (i.2., either the initial ''rest' state or the state behind the
{orerunner wave, as the case may be), Curves labeled "compacted to
compressible solid' were drawn using values of P, up, and Vp obtained
from the gsame data used in computing Eq. (18) for solid graphite and
for solid aluminum, with allowance made for any forcrunner wave. For
purpeses of comparison the curves labeled "compacted to incompree-

sible 30lid" we-e drawn assuming the foamn to collapse 4o the atmos-
¥ P

* pheric pressure crystal density and to remain at this density regardless

o pressure (rigid locking-solid model of Fig. 1). Smooth curves are
merely labeled ""compacted”in'cases where both types are indistinguish-
able for the scales employed. Values of Pz' ul, and crystal density

used in obtaining the curves are shown in Table III
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VARITUS ATUMINURA FOAMS. Smeoth cuves ond numborad
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. E Table II
. H VA" UES OF QUANTITIES USED IN DRAWING SMOOTH
’ i CURVES OF FIGURES 18 TO 20
l [ v 16
. ) Material Initial Densi’y Forerunner Crystal Density
: ateris (g/cm?) P, (koar) [u (mm/usec) (g/cm®)
Aluminum
Churk 2.09 0.4% 0.015 2.7
Fizke .77 0.0 0.0 2.71*
Spherical
+ micro-
balloons 1,83 0.1 0.004 2.13
(D-aK)P 1.46 1.0 .| c.o8 2.71
Spnerical .
& milled 1.08 0.0 ’ 0.0 2.71
Graphite
N AT 1.72 0.33 0.0 2.20
R 2.2%¢
) Grade 60 1.02 0. 0.01 2.20
H 2.28°
. AGSR 1.08 0.2 0.01 " 2.20
. [21 4 0.94 0.0 0.0 2.20
2; Carbon
N OA Coke 1.61 0.0 0.0 1.9%
crA 1.00 0.1. 0.000 1.9¢

‘ “Ihe value 2.7 g/cn® may be slightly large if the wax was not com-
¢ . Pletely removed during heat irratment of the flake powders (see
T _ Swction 1v). . .

b‘i‘ho values Zor MD-AK sre included bers 2or purposes of coaparison

although the sxpsrimentsl dats (se¢ Tsble VII, Appsadix I1.) did
not ellow precise onough messurement of Nugoniet polats to re-
quire the iaciusine of { .Joth curves for MD-iX in the Ligures.

. ®The vaiue .23 &/¢%% 15 Sor "geed" natural geaghite, 1% whereas
. the valus %.3Q g/we® L7 » Lypleal initiel dencity for pyrolytic
f graphits ¥ _
L. ‘-mu value L4 atoy w9 <« ssonsble dansity. Possible values
. range feom 5. Jon®, 29
. 57
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Reference to Figs. 18 and 20 shows that in the cases where
several reliable data are available the 'compacted to ccmpressible
solid" curves are essentially best-fit curves o the experimental data.
This result indicates that the pressure-volume states of the fuams
after compaction lie indetectatly ciose to those of the solid materials.
Data points below ab-ut & or 3 kbar are unreliable for some materials
becsuse of uncertainties associated with the forerunner wave (see¢ '

Section V-A), but have been included in the figures.

These results are reasonable for the distentions and pressures
involved, in light of the discussion of Section II. There is some un-
certainty introduced into the smeooth curves by the extrapolation or
normalization of cata, and particularly in the choice of the appropriate
crystal density for the graphite specimens, but the uncertainties are
not large; the effect of changing the assumed density of golid graphite
is illustrated in Fig. 20. The results obtained lend copfidence to the
assumed FP-V Hugeniots +{ Section III, with regard to the crystal density
curves GDE (Fige. 3 and 4.

A very important point is raised by the indicated cross curves in
Figs. 18 to 2. Numbered points along the quartz Hugoriot correapond
to r -sssures indicated by quarte for shots in which the foam Hugoniet
point of the same aumber was measured. The primed points represent

expscted pressures in quartz for the given foam Hugeniot point on the

A e aany e

assumption that compacted fcam behaves like the initiaily solid material.
‘When total compaction has occurred the compacted foam svihould behave ;
like the #0lid material, -since the reaults discussed above show that the .o
P-V states of cumpacted foam and initially solid material lie sc close
together The indications from the quarts voltages that the .c:oss . -
curves are considerably more thallow implies ‘he dubious result of &

compressidbility for the “fully compacted” foan: much greater than that v
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for the initially sclid material, 1. 2., high retained porosities (generally
five to ten percent) would have to be present even at the higher pressures,
in contradiction with the Hugoniot rmneasurements; {urthermore, this
porosity would have to be retained aftar one strong shock but removed .

after two weakser ones.

In order to clarify the situation, shota were fired using 2 1/4-in. -
thick 2024-T351 aluminum plate between the foam and the gquartx; others

were fired using Manganin gagen"'"

in this configuration. The results
of thuss shots showed the original quartz-inferred pressures to be in
error and the u'sumed cross curves (primed points) to bz corrent.
Fur.tizet. shots with quartz gages on solid 2024-T351 aluminum targets
indicated pressures in quartz that were in accord with the impact condi-
tions and krown Hugoniots. The obvious conclusion is that quar.tz re-
speands diffcxentl;' when impacted by porous materials and cannct be used
. . ) indescriminately;, even if the porouc material fully compacts to solid
density withia the rise time of the shock profile. The lower readings in
x-c.ut quarts are consistent with the piegoelectric tensor for ths material.
Tha observations about forerunner pressures in Section Vi-a should not
be affected, however, becruss adequ_au allowance has been made in their
qualitative nature. Furth'ern.wrc, errors in forerunner maguitude should
have tho same {small) effect on the experimental points and smooth
enrves of Figs, 18-20, co that the conclusions of thia sectinn (VI-3} re-
main un‘!fov:'uﬂ. T ) ‘

aveen

4. Shock Attenuation Experiments and Calculations

One important kod of the research program. was to devclop't!;c
ability to predict the bshavior of a fsam #1.bjected to short-duratien,
higk-amplitude, impulsive loading. The flyer plate experiments des-
cribed in Section V wore dasigned o approximate such pulses with
momentum densities of 0.% to 0.75 x 10* dyne-sec/cm® (see Table Iv)
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delivered within less than 0. 15 eec. The resulting voitage~time pro-

files at the quartz-foam interface weres recorded.

If the quartz gage current is proportional to the siress difference
between its two faces, a reasonably good idea of the pressure profile
can be obtained even after a shock has transited the gage, since the
gage is backed up by material of similar shock impedance. The shock
transit time in the gage was 1.66 ysec, so profiles were reconstructed
by adding to each pressure reading the reading 1.56 ysec ahead of it.
This procedure should resull in computed pressures which are slightly
high, due both-to the action of the shock on the gageu and to the fact
that the impedance of the backing material was actually slightly lower
than thet of quartz. On the other hand, the observations reported in
Section VI-3 indicate that use of the quartz gage on porous targets may
rasult in erronsously low pressure readings if the standard calibration
(Fig. 9) is used. Therefore, the reconstructed experimental profiles -
(;olid lines of Figs. 22 to 24) should be considered reliable as to timing

_and general shaps, but not necastarily s to absolute pressure lc.vcl.

It should also be n.otcd that profiles at tirnes greater than about 4 jsec
after in‘ipuct (t %0 at impact) will deviate towards lower and lower
pressures, due 5o the arrival of sids rarsfactions, and should thon;ou_

not bs compared with the one-dimensional computer cilculations.

To test our ability to predict the response of the !;uhs'. calcu-
lations ware made for all profiles by using the artiﬁcal.vhcosity, digital
computer program and cquation of state information described in
Section II}. The compuiit’onal procedure somistimes distorts the pres-
sure at the quarts-foam interface, in which case the pressure in Zone 4
of the quarts has beets used and the times have been adjustad to those at
the iater ‘ace by using the shock velocity in the quartzs and noting that

each cell is 0,008 cin w:de. 'al-a resulting profiles are also plotted in
Figs. 22 and 23,
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QUARTZ INTERFACE FOR SHOCK ATTENUATION STUDIES
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QUARTZ INTERFACE, SHOWING EFFECT OF VARIAT!QJS IN
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!‘or.A‘r."J" “nphiu. ¥ig. 22 indicates that .t;reement betwesn cal-
cuisted and cxporimonuliy measured profiles is very good. For the
aluminum foam, agresment between calculated and experimental pro-
files is fairly good. Presumably, agreernent could be Improved
and certainly mads more meaningful by a better knowledge of forervaner
pressures and any resulting modification in the constants of Eq. (17).

It is clear that a porous ¢olid wili e'videnco rize times that de-
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pend upon tha scale of homogseneity; i.e.. a finite time is required for
euch particle of the foam tv come into pressure and particie~w<Yocity
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equillbrium with its surroandings. On the othe~ hand, the artificial

viscosity used in the computations acts like a real viscous force against

.
N ST vy ha(2 ) e o L O, ‘! .

appropriatcly adjusting the value of Q, the rise times of the calculated

of the pulse because of the additional energy dissipation. With this in
mind, an attempt to match the profiles in aluminun foam was made by

increasing the valus C,,, from 0.1 to 0.5 in Eq. (11) and adjusting the

values of R and K in Eq. (17). The resulting profiles were-in better
agreement with experiment but the introductio:; of a larger linear vis-~
cosity as such has not been justified on a physical basis. urther in-
svestigation of the problem, ecpcciall}" {rom-a microscopic point of
view, would be of considerable interest.

in order to see the effects of various agsumptions, the experi-
. mental and computed profiles of Fig. 22a have been reproduced in
Fig. 24, along with profiles calculated (1) neglecting the styrocfozm

———— e W . .

region behind the flyer piate and (2} including the styrofoam region but
using release paths for ATJ graphite coincident with the compression
paths (NOREL procedure), as shown in Fig. 4 of Section Ill. It mezy be
sesn that the styrofoam had only a small effsct 2nd that the "spring.-

back! in ATJ graphits must ‘occur at esasentially zezo pressure, so that

{ . the "locking" release curves are the appropriate ones to uge.

In conclusion, it m:i‘ht be stated that while reascnsbly good

e . . agreament can be achieved, the shape of the P-V Hugoniots in the .
’ ¢ partially compacted region has beenr cenvenient-ly chosen by Eq. (17}

E . % . with appropriate cgnsunts and is sensitive to errors in assumed

‘ ’ i > forerunner pressures. It would also be desirabie to confirm ex-

perimectally the choice of assumed release paths. Another possible
source of errcr lies in the extrapolation and normalization of data

for the solid svaterials. The introduction of a linear vizcosity ts

\
|
|
' ? : : .
. 1 pressure pulses can be changed, and there is a corresponding erosion
65
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aid in matching wave profiles can be of value but has not been rigorously
justified on physical principles. A possible refinement of the calculations
would be t2 employ an el'utoplntic moel for the Y1zyoniots of the com-

prcted materials.
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SECTION VII

SUMMARY AND RECOMMENDATIONS FOR FURTHER WORK

A portion of the effort was directed to the development of suitakle
aluminum foams on whish to make shock x:neasurerx.:nts. Aluminum
precents a particularsly formidabie pro‘:blem because of the omnipresent,
nearly impervious, oxide layer. We have succeeded, however, in pro-
ducing 'rclatively homogeneous foams in the density range of 40 to 80
percent of crystal denrity. We have also succeufu.ny varied particle
shape, size, and size distridbutior. Production téchniques iml-estigated
include: (1) hot pressing of aluminum powders; (2) cold pressing and
subsequent sintering of aluminum powders; and (3) repeated hot pressing

and sintering of a mixture of aluminum powders and silica microballoons.

Hugoniot measurements using newly developed teéhniques have
been made on several graphite {or carbon) and-aluminum foams. Hugo-
niots of one graphite and one aluminum foam (both about three-fourths
of crystzl density) have been traced in some detail up to about 25 kbar.
Attempts have been made to determine the pressures transmitted to a

" quartz {or soli{d aluminum) structure for given pressures in the fcams.

We have found in general that in the pressure and porosity range studied,
the "compacted' volumes for pressures above a few kilobars are essen-

tially those of thc loﬂd matcrials at the same preum

In thc case of aluminum tue fom appears to "lock" to a.pprm:i-
mately scti.‘ aluminum density and lose its foam characteristics {i.e.,
the density of recoversd shocked foam corresponds approximatefy to
that of solid aluminum). On the other hand, recovered shocked speci-
mens of AT graphite exhibit densities very close to their initial den.
sities (i.e., they are ;-ccovcnd as foams). The equation of state in-
formation outlincd above is of nwjor importancc for any shock attenu-
ation calcuhﬁmo.
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Parameter variaticn studies included various particle {or pore)
sizes, shapes, and distribut.iom. in general the preliminary results
irdicated that these factors are probably of less importance than the
strength of the solid matrix. Where the. matrix is strongest the- fore-
r\;nner speed and amplitude may be expected to be the greatsst. There
is a tendency for these desirable characteristics to be asscciated witk
foams of higher density if the other factors are kept constant. With the
present state of material development of foums of the type studied,
there is too much scatter in forerunner characteristics to ensble mor.e

specific correlations.

The artificial viscosity computer code 'hu been successfully

‘adapted to calculation of shock attenuation in porous solids. Within

the idealizations of the models employed, calculated transit times and

shock profiles are in reasvnably good agreement with the 24perimentaily

measured quantities, particularly for the case of ATJ graphite. However,

_\mi‘:cruinti.es in forefunner pressure and in the Hugoniot curve in the
partially compactéd region limit thie result to a demonstration of capa-
bility rather than providing a definite numerical result.

&aring ths course of the wark several topics have suggested
themselves as impomnt arzas for further research:

1. Precise measurement of forerunner pressures (e.g., by
using an aluminum witness plate between the foxm and a © artz gage)
and of pressure-time profiles for aitenuation thots should be made so
that the actual attenvation profiles can be established and checked
against the artificial viscosity calculations.

2. Research on new materials such as heavy metal foams and
ceramic foams should be initiated. ‘

3. The study of pertirent structural variables controlling the
forerunner speed and amplitude should bc extenced and expandad.
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Cosrelations with various static and quasi-gtatic measurements chauld
continue to hs investigated.

4. Optimum distention ratios for a given material should be
established. This optimum ratio will depend upon the type of foam,
but for a given foam it will involve a compromise between the large

forerunner amplitude {and speed) associated with low distentions and

.
RSy SIS SR YA TIPS ey crvra s

the rapid "attenuation from the rear' associated with higher distensions.
5. Hugoniot measurements should be extended to wider porosity
ranges, and an attempt should be made to obtain reliable data at pres-
sures just greater than that of the forerunner wave. A knowledge of the
. actual pressures required for complete compaction is very important

{for the calculations of shock attenuation. At present we can assign

" upper and lower bounds to these values for graphite and aluminum dut
. . we do not have a direct measure of the P-V curve between elastic and
cumpacted segments. .

6. Hugoniots for aluminum foams with different particle sizes
and shapes have been found to essentially coincide .at about 4 kbar, but
the work should be extended to other materials and to higher pressures

where any differences might be more easily observed.
; . ' 7. The release curves, especially in partially compacted re-
gions, are of major importance. It:is also clear that the release

: * curves for compacted graphite are not siraple locked curves, but the
way in which thcy. deviate frc;m the locked model has only been. inferred,
and has not been experimentally measured. Attempts should be made

to measure release curves directly. ’

8. A basic inquiry as to why sormne {oams (like aluminum) essen-

tizily tock, and otbers (like ‘raphite).do not would be of considerable

imercn't. It would further be of interest to discover whether a :hocken-l

foam whi_cli dues not lock may sct as an effsective countermeasure

materizl in case of subsaguent “hits. " Inveriigation of relesse curves
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may shed some light, but experiments designed so that specimens with
a well known history can be recovered intact for detailed study and per-

haps subsequent shocking would be valuable.

9. .Accuraie Hugoniots for the solid materials should be
measured at low pressures in order to eliminate the uncertainties
associated with extrapolation and norraalization of data. The elastic-

plastic model should then be used in the computer calculations.

10, Investigation of dissipative processes in foams should be

conducted from a tnicroscopic viewpoint to lead to a better understand-

‘
ing of wave profiles. .
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AFPENDIX X

DESCRIPTION OF CALCULATION ROUTINE
USING THE ARTIFICIAL VISCOSITY CODE

A, E.ssential Ste 13

The esgential steps in the calculation are summarized below:

1. Read in: Material constanis, number of regions, dimension
and kind of material in each region, number of cells in eack
region, geometry {plane, cylindrical or spherical). Q-con-
‘stants, corntrol inltructxons for printing output, 115 yer plate
velocity.

2. Determine cell size in each region. )

3. Set initial conditions for 2ach cell: mass in each cell,

Euler coordinate of each cell,- . -

4. Begin computatior.

5. Calculate new particle velocity for each cell from momentum
‘equation.

6. Calculste new Euler coordinue for each cell,

7. Culculate new spuecific volume from contm\uty eqmaon.

8. Calculate new Q for each coll.

9. . Calculate new P for each cell. =~ . o

10. Calenhtc At for ncxz time atep. ) I . e v . '

11. Print results. l ' 4

lgl " Return to step S and repu.t. Continue cycling until yroblem,
CAs complete; Wi 2T s L S N ‘

-

3

=
Ny

Both the initmizing {Step 3} and the cowmputation of P (Step 9) are

c'omy_\uutlon”pf P requires ileration if the constitutive relstion is’energy-
depsndent, If it is not u‘:ergy«lependent. it is computed directly from
the specific voluma previcusly determinei, The entire pro;rax;x as used
in & typical run is reproduced at the end of this apyendix.
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B. Zoning

The experimental configuration is described in Section V. BDrief-
ly, it is a one-dimensional experiment which consists of a flyer plate
assembly (a 6061-T6 aluminum flyer plate backed by a 2 I1b/£t3 styro-
foam support) impacting the target {foam) which is bounded on the
opposite side by quariz.

Computation is started at the instant the flyer plate strikes the
target. Initial values are: pressure P = 0 sverywhere; particle
velozity u = u, = constant in flyer plate assembly; u =0 elsewhere;
specific volume has its zero pressure value, ¥ = Voo 2verywhere,
Artificial viscosity Q is zero everywhere, A value of the time incre-
ment &t (DELT)® must be-specified in the input for the first cycle.
Care must be taken that this not be too large, If it is, a pressure spike
fe pueduced at the flyer plate/ :pecirnen interface, whick causes a wildly

fluctuating output,

The number ¢f zonss in <ach region can be specified soméwhat
at witl; however, fluctustiors in the output ars reduced by choosing
zone size for each region in such i way that the minimwn At (TLIMA)
for each region has about the same value, Zone size is calculated as
initial region thickness divided dy number of zones in region {under
SAMES); here, too, reference is made to procedvres ZSOLID and

.

ZWATER.. in which initial values ars set. e
_ Geometry is mndc planar hy settin; ALP = l \mder LISTMTLS

A logical variable ia set PUP (3= 'rmn:. ite use is described
in Section M of this u.ppcndix. [ .

C. comp\mnlsup: ERN .' ST .l

" The comput&t;ion for'a ,giv.en cycle starts at LEF?: PPEAK® O,
etc. At this peint &)l parameters for the previous cycle (time = t}-
have been deterriined, t bas been .c.vanced tot + At, ané cycle to cyele -
’ £, I o .

v -
-

® TLabels 2rd names of variables and procedures have re‘erence 1o the
ALGOL program used for the computstions.
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Computations 2re made in the following order:

U[1] is a new value for particle velacity in the {irst zone,
J= 1. .

XA is temporary storage for the value of the Euler coordinate
of the Jth zone. ’

U{J1]is the new value of ¥ for the (J + 1) zone.

X[J] is the Euler coordinate. '

VN is the new vaiue of specific volume for zone J.

QA is t_he new value for stress from artificial viscosity.

New values of P[J], E[3] are calculuted in the procedures
styrofoam, ELASTOPLASTIC, WATER, or PHASETRANSITION; the
procedure untered at this point depends upon the value of the parameter
BURNIS], which has previousiy been prescribad for exch of the four
regions: S = ] (styrofcam support), S = Z (aluminum flyer plate), ]

S = 3 (target), 5= 4 (quartz);i.e., -

SURN(1] =5

BURN({2] =0

BURN([3] = 4 _
BURN[4] = 3 ~

Following the calculation of P[JJ, the variable V{J] is rephce&
by the number temporarily stored in VN, and J is tested to see whether
it is beyond the shock front. If it is not {FALSE), another J-cycle is
made in response to the instruction “IF J SJISTAR+1 THEN GO TO
GETUV." If{tis (TRUX), 2 new At is determined,; the information
stored for the past cycle is printed (if desired), and a new time cycla
is started by the last instruction of the program, "GO TO LEFT."

D. Comments on PREASETRANSITION Procedure

The implementation of the prescription for calculating P and
V (see Section II1-D) is simple:

arzv (J. t+4t) - V(J, t)

can be stored, and as long as it is uegative, compression of that zons
is occurring.- When it turns positive, expansion has started.
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Although we have not found it to be the case so far, it is possible
that fluctuations inherent in the numerical integration may cause diffi-
culties with this simpie criterion. To protect against that zventuality
if it should arise in the future, a routine has been included in the pro-
gram to smooth out the effests of fluctuations in the sign of AV. The
disadvantage of its use is the resulting delay in changes between com-
pression*and rarefacticn, se’'it is recomnmended that the value of n
(see below) be kept as srnall as possible, We have used m=1 {which
corresponds to the 's'imple criterion above) in all cases.

Routine to Check for Compression or Rarefaction. Rurning,
average values of V and of AV_could be carried 2long and these should
have sufficieat stibility to serve as controls. The normal definition of
a running average over an interval {t-T) to t can be written

"t
VRi,n«l j’ vit)dt
: t-r
or: “ N
R; 1
Vi gem) = 5 Z Vity) (25)
. n=N~m -
or. . . +vit
VR(:N m) VR(cN x)+[ t"‘ -1 “’] "(26)

. . 4=

If this werc/curicd in the aresent comp\xtation. it would reduire that
values of P[] for the previcus m cycles be :tored. In order to con-

serva storage, define a quantity N
Y .
!-’v(‘unl’“’j:?x‘ L @n

v ('tN..m) . (2
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If we denote. i -
V(t,‘!) by VN, etc., Eqs. (26) and (27) can be written ,
V., -V
R R N N
NV Nt (28)
and ' Vy - Yo 1 .
- Na = {29)

Then if V passes throngh a minimum; VR ;Sau'es through a minimum
somewhat later, But, unless changes have been very rapid,
vH_l < VNom; sc V passes throngh its minimum after V and before TR,
Consequently, it should serve as an adequate monitor for changes be- .

tween compression and rarefaction if m is chozen properly. L .

-

The monitoring function of V is fulfilled by using V'to determme
a reference "turnaround" volume, Vc » such that whenever V >V o the
state point is assumed to lie on & reversible curve, CF of Fig. 3 and
ths f\mction detcribin; these cnrvcs is £ t(V). given by Eqs. (18} and
{20). The initial elastic cnm, AD, of Fig. 3, is thus included in ‘iztt
(V). Visevers Vs it is assumed that the materizi is locked into
its solid state, aud all subsequent compression and expansion wiil take

place along the curve f,(V) given by Eq. (i8). 'ﬂmc. for each cyclc

' the function of the mchihcinto' P . ) o

~ -

1) Calculau new Pand AV .
2) If new PsSVC, then calcuhtc P={,(V) or fz(V) or f (V)
and return te main program
) 3} If new U>VC, then set \’C. PC and VCO; calcuht& P=
(V). and retuim to main program. ’

The infbrmation stored in the memory at the time of eatering

' the procedure, (wath.deflniuon of symbols) is:

' :,m unx.st Pt

pup[:} = I'RUE or FALSE If TRUE, P= fl(V) er xz(V) or
(v). S )
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INT{J] = TRUE or FALSE. If TRUE, VC, PC and VCO have
not been set. If FALSE, they have been set,
»l3] = P{I,N-1} = previous value of P
VBAR(3] = ¥(J,N-2) :
PCiI] = P_{3)
' vclzl=v (3)
vcolil=v_ (3)
MM = m = number of values of V in F
VN = V(J, N), the current vaiae of V to be used in computing the
‘new pressure.
Parameters to be detetinined in the procedure are: ‘
VBARA = F(J.N-l) and vc[: 3, Pclr], vcolali F turns
around ’ '
PW 2 new value of P = P(J. N)
»upP(3] . ‘
INT(K]
E. Comments on NOREL Procedure
‘The NOREL procedure is very simple. A flow chart is shown
in Fig. 25, since the procedure does not appear in the program listing
in Section F of this appendix; -
1) -
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Fo LISTING OF COMPUTER PROGRAM.

HEGIN
FILE RIN (301000 POUT 4(301S539
INTEOLER NUMS LABEL FINISHS
READIRIN? 79 NUM) §

. NUM & NUM + 103
BEGIN

INTEOER COUNT »COUNTS»CYCLE+CYCLES HALT 1 JeJ1 0 JCeJCCrJCRITIJMAXPRESTART »
JPMAX s JSTARr JToNT o NTToOPTIONsSeS0»S1eEFs
SHeleJPe JPESALPRRS

REAL CONA+CQrCQSLICOSQYeDELT/DELTI»DELU,DELX 1 DENUY2OL
DLL,DMeDPOHMUIDTMX ¢ DTNeDTNHL 0 QA ¢ JMAXF ¢
L:FTPOL!NEAROLXDV.MIO"UN'PEI'PFOPH'PLEFT'P"AX'PNXNOPPEAKa
PSCALE»TAU TIMES» TLIMB TOQUXIT»UO
2rPHrENIFRIEAEJeVIeBBe TESTePL19V11eKKe
CoPSsCSPEIVNIXOr YEL e YF o YPMe XA XSPASVR §°

INTEGER ARRAY CELLLO0:2512BURNeHLO2923

REAL ARRAY AsBeCoDX0GoMUAIMY 2PAsPHAIRHOI VO Y 2DV GAMIVC I+ LIO:S De
AATO¢HTwl D2 ZSJoEoFoMUtONUFvPoPEoO-TNPOEK"loXa
XALPSsENT+COPsTBo TLIMAI U YP» YCOINUND)

BOULEAN BOULS

COMMENT PHASETRANSITION VARIABLESS INTEGER NﬂlREAL VloPloVZanoV00V60K0R8

REAL VHAKRA)DVBARAS
REAL AHRAY VBAR:DVBARIYCePCoVCOLO: NUNJ!
BOULEAN ARRAY PUP INTCOSNUMIS

FORMA? FMTDIXS0 e TIME ="oE18~80XRe"DELT S"0EL14.80X8¢“DTN T™oEI8.8/XR»
SCYCLE 2% 1%5¢Xue*UCRIT =%,185¢7)0 .

GTAGIX20 ™I o XBr"UP e X102 V™ o XL e "P" s X11+"ET»X18¢"0" e X112
X% X100 "MUEN ) X o "MUF™ o X309 TLIMA™ ¢ //) ¢

F3(I308F12460E33.5) o . -

Ft(KGO“&LP”tXlOO"DELT'tXllv'DTHX'vX&lv“CON&':X!Jc“Cﬁ'olulaox7o
8ELSc0es7) 0

FRICYCLES COUNTS NTTI"eXbe"Tul 1o o o103160X?olﬂFlO.Sololﬂ(XZﬂo

10F10.307)0/)0 .

FAURN (110+"RECIONS"*e91%¢/)» :

e (XBD'A'OXIIO'B'OXIIO'C'OXII"C'OXIGO'NUI'OXIUO'P‘"'XIOO'“Y’O
KL0o*RHO™ e X8 o "H" o X210%L")» .-

FR tBFL2. 60180 X80 F12.80/7)-0

HPR(XQO'ﬂ‘ox5c“R”oKG.'VI')X!&;'P!'.Yllc'VZ"X&lo“PZ'leIo“VO'oXll
PRV X L e *K ¢ X100 "R o XS e ®L" 0 /902160 TF13:e50160F13+607730

HEUXTo"VOR o XDe"H™ o XS "L"9/2F13:.60160F11:6¢77) ¢

FPULZZ s X100 *TAUR X150 "LEFTP™ s X169 ™UC 2 372 X990 COPTION" ¢ /0

3E20.8015¢77) 0
FOUK("TINE =%eL18:8eX4r"UFS P E184,80X89"XFS ="¢CI% .80 X8¢
PCYCLE Z%0 iR X3¢ ®UPHMAX =%, I8+ X3+"JCRIT "o!#ol)o N
FeASL (I8 5F 15,818

LISt INTERVAL(f!ﬂESvDELIoDTNoCYCLtoJCR!T)ot
EUSE IS L U XLUD) 0
RTLS (ALP/DELTIOTMXYCINALCQ) o -
CONTROLUICYCLES*COUNTS NTTIFOR NTeL STEP £ UNTIL NYT DO TWCNTI)»
STREAMLIME(JCCIFOR JC»1 STEP 1 UNTIL JCC DO CELLEJCIY e .

ey et Lokt

- wen

cem v = ——
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ReGIONS (S1.FOR S ¢« § STEP 1 UNTIL $3 DO BURNLSD)
EGST(A[SJ'SKSJ-C[SJ-GLSJ:MUA[SJ&PA[SJ:PYISJcRHO[SJoHﬁS?cL[’SJ)'
PHASE (MMeRoVLIoPLeV2¢P2¢V0eVGoKeHLS3LESY e
QUARTZ(VOLSIHLS)e LLS3)e :
PULSE (TAULEFTP2UL13,0PTION)»
AKRAYS(JOU(J)oV[J}'P(JJOE(JJOGtJJOX[J]'FUESJJOMW[JJ'TLIM‘[JJ’t
FACE(TIMES UL U IeXLJrCYCLE o  JPMAXe JCRIT) ¢
FORGAGE(J e UL J¢1 J0VEUIePL U QLU XL U123

LABEL READINGrLEFT+SETIrULEFT¢GETUVIGETXoFLAP+NEWTH

PROCLDURE ZWATER ¢ BEGIN
CoPS * 0.3 3
BB * G.13
FOR J ¢ (H{S~1] ¢ 1) STEP 1 UNTIL H(S3 DO BEG!N
ViJ] » vO[{S] ¢
XEJeld o XLJI + DXCSI 3
RALPSLJD o(XLU+1d + ALP = XKJT ¢ AIJ‘, 7 v£Jl’ l
WJderl ¢« Lyl » 0.0 3
PLJd ¢ 0,08
TLIMAL YD » DELTY ¢ .
CSPLJL » CSPS ¢
VBARL J3i= VOl ’
PUPLJI = INTCJY 2= TRUES - ) L .
ENUT ENO ZWATER 3 - - -, -

PROCEDURE. WATER? : .
CUMMEN] GUARTZ REPLACES WATERS - :
steIN .
PLU) © +3693X(1.0-2.68XUNIE - -
CSPLUL & 57283
oLyl » eAl

PROCLOURE STYROFOAMS , - .~ .. - -. - X - o
SESIN )
IF VND32.25 THEN BEGIN mosx.zst PY ¢ 0.9 ms ;
iF  32,2%2VN ANG VM) .94221 THEN Puo(n.as-vmi(sx.zs-.azznao-s

(100 =o1n{VN. 9422107 (312590221115 -
IF  ¥N$.9022% THEN P o(.aowu $:200187%(9520/VR -uxn.ww -3)3
PJlePes wioe Ny Soa e Tl e ) .
‘J"“'ﬁx "‘ ’*i"‘—"’“ [ 9@»"‘ AT ‘e D A e - e . .
csn.no.ni e LT - - . . cL
END STYROFOAMS -~ . .. . ' ) .

PROCEDURE ZSOLID ' BEGIN :
VOS] « 1.0 7 RHXSD &
CSPS ¢ SGRY ((1.0 ¢ 8.0 X “53 7 3.8 % VG(S) x Atil) s
FOX J & (MS=13 ¢+ I.! STEP 1 WXL KSJ 00 DESIN .
NJ) « vO(S] 3
XlJell) o XEJ3 ¢ OXLSD 8
XMPSLID +iXLIeld o A!.P xc.n L &U” 4 VtJI 3.
UJ+1) & PLYT @ “uﬂ *
WFCJS « ~8.0001 3 . ‘ .
WELJD » WUNLS) $
PECJY) « PHACSD ¢

TN
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YPLJD +« Y(S] 3§
TLIMALJYS « DELT 2 . .
CSPLJ] + CSPS 3 ' T
E(J] » G.0 3

END END Z50L1D ¢

PROCEDURE. PHASETRANSITIONS
BEGIN
FORMAT FT(9(F11.6sX2)78
LABEL KESET}
VBARAZZ ( (MM=1) XVBARL J J¢VN) /MM?
UVBARASZVBARA - VBARLJIS
{F NOT PUPLJ3 THEN IF VNSVCLJJ OR VCLJY:3 YHEN PUPLJD o INTLJ3 ¢ TRUES
i+ PUPLUJ THEN IF VBARA > VBARLJ]D THEN #.FLJ) o FALSE?
IF PUPLJ) THEN BEGIN
If V1 SVN THEN BEGIN
PweP1x(1,0+BEX{VN-V1 }/4V1 V0D IRLYN-VOD/ (VL ~VD2d
GO TO RESETS  ENDS
IF VN2 V2 THEN BEGIN
Pe + P1e KX(IVI/VNISR =1)/Ri
GO TO RESET: ENDS
LNDS

IF VNKV2 THEN BEGIN PUO(.X”'& OZoO&TS!IVGIW-U)x(VGIW‘IH
COMMENT THIS EQUATION IS FOR GRAPHITEs FOR ALUMINUM SUBSTITUTE . -
PR e (. T2922 ¢ 1.TITUZXIVEIYN ~1) iXIVE/VN <333 )
60 TO RESET: ENOS .
1F (DVBARCUICO AND INTLJID) OR VJSV2 THEN BEGIN PC[J3 =PtJIs ¥CLJII2=vEJIs . .
IF VJCV2 THEN V(LJ3 & V23 : )
VCOLJ1 * VO ¢{VE-VOIX(VCIJI=V1)/(V2=V1)3 INTLJ) I= FALSES
ENDS
IF VCLJI2VCHLJ] THEN-
¥EGIN “ITE(POUTQF‘IOJ:VC(JJOVCO(JJOVN)810 TO RESET:ENOS
IF VIOVYCOLJI THEN ¥N & VCOLJIS
!;';M.id]l(10!VN'VC[J]’X(IOolK(Vﬂ-VCO(J))I(VC[JJ—VCDCJI) 37(viLII-¥COLY
; (X}
::‘::(0 THEN BEGIN P*a. 03 VN ¢ YCOLJIS - ENDS. -
: - !
iF AUSIVN=-VJIIIR=3 THEN !Eﬁlﬁ _ - -
) YESY o -(mutn-ﬂ:uutm-wu -7 v o :
A H } 1F TEST 2 0 YHEN CSPCJ3 * SQRT(TEST)IS ENDS .o . ¢
; VBARLJ] ¢ VSARAS PLJ3 ¢ PE QLJI*0AT DVBARCJI := OVEARAS __
END PHASETRANSITIONS

PROCEOURE ELASTUPLASTICS ’ ‘
SESIN . T - .
Lllﬂ. eemvcwm.mt . el .
®WJl * GAS -1 . . "
MUre L YOL S 37WN) <108 ) . . .
OPUNUSMUNK (2. 0%BLS 343.8xCLS IxMUNI ¢ALS 23 5
r CEPLJIIrSORT (L 960, 0x6L S 373,231 XVOL S JxDPOMU) 3 .7 . . .
PricMUNK (IR ECLS NBC S 33 +ALS D) . L .
IE (AUNSMUELJ ) AND (MUNRMUFTJD) THEN BESIN
PKJl'(2.0’17?(J)’Qowsm-lm!(holﬂtil#:om)IS.OI
90 TS RETURN ENDD .-
TETe MY S Ix (PH=PHAL31) ¢ YTS Y .
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AF MUNSMUFLJ] THEN BEGIN *
MUFLUIsMIeMUNS MeD, 03 4MI3 ELx*-YPH/G[SJz
GETM: PELeMX (MR (CLSIxMeBLIII+ALSI) S
YELeMYLSIX(PEL~PHALS ) +Y( 5]}
DLe=((YEL4YPH) /6L S2)I X0+ S~PH+PEL?
DMe { (M1-M) /7 (DL1-DL.) IXDLS
NM1>H3 DileDLS MrM=DM}
IF ABS(OM/M1)51.00-5 THEN 60 TO GETM]
MUECUIeM} PLJIe(=2,0xYPH/3.0)+PH?
PELJI*PELl} YPLJI*YEL1? 60 TC RETURN ENDS
COMMENT MUN IS GREATER THAN MUELJIe &ST VALUE OF MUFLJJS
MUELT 0 2=M1eMUNS PELJI*PHI YPLJIeYPH?
PLUI* (2. 5XYPH/ 3. 3 ) 4PHS Me«0 RL¢M12 DLI1VYPY/GLSDS
CALCM: PFeMx (MX{CLSIxMeALS I CALS DI S
YEeMYLS IX (PR AL S 2) 4 YIS D3
DLeDSX{YPH+YF 1 /6L S J¢PF=$213
DMe { tM1-M)/{0L2~DL) IXDL3 .
MleM; DL1+DLI MeM=DM3 ° .
1F ABS(DM/M1)71.00-5 THEN &0 T0 C&LCM!
MUF( JIeM3 .
RETURNS £ND ELASTOPLASTIC? -

.
N

RESTART «03 BOCL « FALSED
READ(RINe 7o MTLS)CFINISHAS

HKEADING?S ) .

IF S00L THEN BEGIN ALPSSAALLJ:DELTI=AAL2IIDTMAISAAL SIICONAISAATS DS
CQI=AALSIIENDS .

WRITE (POUTLPAGE ) WRITE(POUT»F1eKTLS 7%

READ (RIN¢ 7+ CONTROLI S

WRITECROUT +FReCONTROL) S e L,

REAC(RING/ s STREAMLINE) ? et
COMMENT NT MUST BE SET TO 1 SO RESTART wIlL WORK 3 - .-

NT ¢ 3 3 .
COMMENT IF RESTARY = 1 80 % t.t:r-‘r FOR coommnnon OF m : B
READ {RINe/sREGIONS) 3 . P

WR1TE 1POUTLOBL 3¢ FBURNIREGIONS) z A
X1l eo03 - .
) Mol . Co
- o’ﬁ 2 N . -
BEGIN LABEL soncm- SAMESe LASTe 'cxm., ;o e .
FOR $ » 1 STEP 1 UNTIL S1 DO BEGIX . .
SAMESS .l
IF WURNLS] = THEN BESIN - .+ ", . < s P )
aﬁmxa:«./-mﬂs AU . e o e
DKiS) ¢ L{S3 7 HS3 8 - - - e

HMS) ¢ 5] ¢ HS~13 .
COMMENT PA IS STRESS AT YIELD.  PHA IS STRESS ON HYOROSTATIT CURVE AT

SAME STRAIN AS FOR PA?
VES Y TOxE( S IXPALS I/ L1, 0¢84 0NEL5373.00 3 PHA(S)090517t51IGIS)O
WRITELPOUTFB?s .
WRITEIPOUT.F2. EBSTIE ATt e

ES0LID 3 S5 TH BOTTON ¢ END 3 . . .

3 WMENCS3 = THEN BESIN

e et -t 8 At

P-N
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READ (RINe7¢ ‘QUARTZ)S .
DXLS) « LIST v/ HLSY ¢ .
HLS) « MLSY + H(S-12¢ . -
WRITE(ROUT oM QUARTZI
ZWATER § 60 TO BOTTOM 5 END 3
’ S BURNLSY = & THEN BERIN
: AEAD (KINe/e PHASESS
VOiS1:=v03
: DXLS) + LLS] 7 H(S) 3
. HLS) » HLST ¢ HMS~-128 -
WRITE(POUTe MPHe PHASE)S
ZRATER 3 C TO BOTTOM 3 £NO 3 -
IF dURNISD) = 5 THEN BEGIN
READI(RING/ZeLLS I HLS IS
DXCS] & LLSI/MLSI:
H(S) = HIST + HLS-1DY
“YOLSY > 31.25%
IVATERT GO TO BOTTONS EHD3
HOTYON ¢  END? )
ViJdl e PLJT » DKJJ KRUECJ] » MUFTJS] = B %
’ REAL (RINg/ZoPULSE) 3
! WRITE(POUT +FPUPILSEDD

‘ READ (RIN+/+FOR 13¥1 STEP 1 UNTIL S DO AALINLLASTR
. 80 TC NEXTS N

LASTL. BOOLSZTRUES ) o . . )

HEXTS .

CLOSE (RINCRELEASE) !

FOR S » 1 STEP 1 UNTIL S1 DD IF BURMISIZO THEN EFeMISIS
IF U122 O THEN BESIN JSTAR » W[1J ¢+ 2 3
FOR 4 « 1 STEP 1 UNTIL EF 00 REGIK
: Kol 3 e K128 mxua:-c.suuaxs £
ELSE JESIN - ) .
IF ALF.2 1 THEN.
LI > DYLID 7 18RI * 1.0) ¢ ISTAR » 5 3 END?
COMMENT 1F INTERFACE VELSCIXY DIFFERS FRON ALATE VELOCYTY SZY 40J2 To
PROPER VALUE HERES
WRITECPOUT,ATASIS '
FOR 4 o 1 STEP 1 UNTIL M(0Ie23 VO, .
WRITEIPOUT T IoARRAYSIE . . C
FOR Se) STED 1 UNTIL S31 DO~
. FOR @+ (HESI~L) STZP U UNTIL us;smm 00 .
YRITELPOUT o #3025 2AYSY3 . 5
WRITESPOUTLPABE SN S
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GETUY @
IF D> HISITHEN S oS + 13
DENU= (XCITI=XL UL 1 /VEJL J# (XTJ1 I~XCJT) /VEJIE
ULUL Jo(DELTIX({PLJI=PLJL J¢QLJI=-QC UL DI} /ZDENURUCUL S

$CTX 2 :

XCu) » XA 3

XA * DELT x L{J1] + X{J13 3

IF U = H(S1] THEN XCJ13 » XA 3

IF ABS(ULJ11)C5.08=5 THEN UT J13eu?

VN ¢ (XA & ALP = X{J] = al?: /7 XALPSIJ] ¢
DELU » UCJL1] -~ UCUD 3

OELX XA = XLJ3 ¢

COMMENT GET @ FOR SHCCK?

GA +» =-DELU x (C@SQO x ABS(DEUJ: +CONA x CSPEJI) 7 VN 3

IF 0% < 0 AND (CYCLEC10 OR BURNLSI=i) THEN QA ¢ 0.0%
Ml[JJﬂ)tLX/(LXNEARXCSP(J] * CQSG% x ABS(OELU.)

IF BURM’.S) = 0 THEN ELASTCPLASTIC l

1F BURNCS) = 3 THEN BEGIN EJ o E(JJ 3 YIS VLJI S
sATER ¢ ENOI

1F BURN(SI=8 THEN BEGIN VJiz=VLJYI1s l’HASE'I’RA‘iSITIOﬁl END$

AF BURNLS] =5 THEN STYRGFOAMS

IF ABS(PLJUIIC1.00=3 YH:.N PLIl+08"
viJI*VNS
IF TLINMALJICTLING TMEN BEGIN

JCRITeJ? TLIMBeTLIMACLJI ENOS
IF (PLJd ¢ 0LJUY) D> PPEAKX THEN BEGIN

PPEAK o (PLJUI + QLS 3 UPMAX ¢ & 3 ENO 3

Jeuell Jleyeit JTeylets .
IF JEHLS51)+% THEN BEGIN

IF JSJSTAR+] THEN 80 T0 GETUVS

COMMENT TEST VELOTITY JUST CALCULATEDS
IF ULJSTAR®1120 THEN JSTARCUSTAR+1 ENO ELST BEGIN
1F ICYCLE MOD 10)=0 TMEN
SRITE(FQUTFSURIFACE) ENOZ

1F PLCELLLJUCCIIZ0 AND JSTARDCELLLJCCI42 THEN BESIN  °

JPB > § 3 JPE ¢ JSTAR + 2 § RESTART ¢ 13 ‘
I¥ BUOL THEN §0 TO FINISH ELSE 60 TO READINE: '.NO3
IF TIMESRABS(THINTZ) THEN BESIN
mré JPB oLl JPE e JUSTARS 2 E
NO}
3F {CYCLE XOG 10)=0 THEN BESIN
WRITE(POUTCOBL 3) 3
WRITE(POUTLOBL I} §
WRITECPOUT F2, YIME(2)/60s JSTARDS
Jeis WRITE(PCUTFSURIFACEDS
Jv JPMAX | WRITE (POUTe FSoARRAYS) :
FOR JCey STEP 1 UNTIL C DO SEGIN .
IF J > JSTAR THEN 60 TO NEWT §
JeCELLEUCIE VRAITE(POUT oFGAGE + FORGAGE) END §
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APPENDIX II'

MATERIAL DESIGNATIONS AND SUPPLIERS

Deuignation in Ilext

Aluminum Powders:

Chunk
é
Spherical
Milled
Flake
MD-AK Aiumiuum Foam
onpm_ep and Carbon

-

. .suic. Microbauoon;

an -

Type and’ Supplier

MD8Q1 Oversize Aluminum Powder,
Metals Disintegrating Corp.
Elizabeth, New Jersey

also

Atoi~'zed Grade 40 Aluminum
Powder.

Reynolds Metals Co.
Louisville, Kentucky

No. H-322 Aluminum Powder
Valley Metallurgical Co.
Essex, Connecticut,

No. A-547 Granular Ball. Milled.
Aluminum Powder. ’
Fisher Scientific Co.

Fairlawn, New Jersey

3xD Aluminum Fowder
Reynolds Metals Co. -
Louisville, Kentucky

MD-AK Alumisum Foam Lo

Ernerson ané Cuming, Ing. " ORI
+ Canton, Massachusetts - . '
All material supplied by Natioaal
Carbon Company and referred to
in text by manufacturer's designa-~
tious.

Eccospheres Sl
Emerson and Cuming, Inc,
Canton, Massachusetts .
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