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2bstract .

Exploding foil teckniques were useé to accelerzte a -
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A criterion was formulated to predict the spall threshold.
Microscopic analyses revealeG the mechanism of

incipient spall in 6051-T6 a2luminum to be cracks which

propagated from inclusions in the matrix material.
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DETERMIKATION
OF SPALLATION THRESHCLDS

'BY EXPLODING FCIL TECHNIQUES

I. Introduction

Froblem Statement

Reguirements exist to formulate fracture criteriz for
shock weve interactions at free surfaces for different
msterials. Frzcture czused by the reflection of & shock

wave from & free surface is defined z2s spalling or scebbing

¢

(Ref 23:315). This study produced a criterion that allowed

spell predictions for a structural alloy, 6061-T6 aluminum.
Specificzlly, this research involved material spslletion
induced by & high~pressure, short duration pulse in a
Specimen.

This' problem was significant since it wes directly

T A O 0 L A S R S T T oo s RO,

appliceble to the determinaticn of the vulnerability of a

re~-entry vehi¢le to a high-pressure, compressive pulse with
¢ short duretion. Pulse simulation was obtainable experi-
2R mentally by impacting & flat flyer plete on a flet perallel

target. A capacitor storsge system was used to accelerate

1 a Myler flyer, enclosed in an exploding foil assembly, at
‘ a controlled velocity tec impsct a 6061-T6 aluminum target.

The shock waves produced vere propagated through the target

with the possibility of ceusing spall.

1
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The impact of two plates, finite in thickness creates
a condition of one-dimensional strain. The compression
waves generated in both the flyer and target propagate
through the material until they reach a free surface and
are reflected. When a'wave is incident on a free surface,
the reflected wave changes its nature. In the case of the
target material, a reflected tension wave propagates until
it interacts with the compression wébe reflected from the
flyer-target interface. If the net fesult of these two
stress waves was a ﬁension, it was then possible for a
spall surface to form at this point'of interacéion. Spall-~
ation occurred if the resulting tension was greater than
the dynamic tensile strength. In general, a time delay for
spalling occurs in ductile materials which sﬁould not exist
for brittle materials.’

The evaluation of material damége resulting from the
interaction of shock waves at free surfaces and material
poundaries has been ‘explored by many investigators. When
making scientific investigations on the effects of explo-
sives, Hopkinson, in i9lh, observed an interesting phe--
nomenon which has since been termed a Hopkinson Fracture, -
spalling, or scabbing (Ref 25:315). Sericus study of
spalling was not started until the 1950's, and no validated

- damage criterion has been formulated which is amenable to

inclusion in material response computations pertinent to

T .}‘f“iﬂ "T“..
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re-entry vehicles. Such a criterion is vitally needed in
light of present problems to allow for relieble predic-

tions of material damsge.

Problem Analysis

A thorough review and evaluction of the literature
was essential to determine what previous efforts had been
made. Several surveys were available, znd the Engineering
Index was researched. The litera%ture search is summarized
in Appendix A.

In order to simplify the problem it was necessary to
assume that a square shock wave was produced when the flyer
impacted the target. By choosing the proper plate dimen-
sions, one-dimensional strain was introduced in which the
edge effects were minimal. The target materizl was a metal
for which the assumptions of homogeneity and isotropicity
were valid.

The flyer velocity and the fl&er impact planarity were
determined by photographic techniqdes. Thus, data reduction
depended heavily on the interpretation of film data. Macro-
scopic and microscopic analyses were necessary tc determine
the degree of spall demage in the recovered tergets. A
criterion for spall wss formulated by considering the dam-
age threshold of the material with flyer velocity as a
function of flyer thickness. The flyer velocity snd thick-
ness can be converted to peak pressure and pulse duration,

respectively.
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II. Theory

Introduction

The production of shock waves by dynamic impact by
the exploding foil method leads to plane wave interactions
that differ from the ststic loading efforts. One-dimen-
sional flow and one-dimensional strain may te produced, and

the initial and shocked states of a material may be related

by a set of jump conditions. Graphical methods have been
developed that are essential for the solution of shock wave
problems. The assumptions and boundary conditions required

for a spallation study must be accurate and complete.

Waves

Planar impacts upon plates of infinite extent produce
ple~e, longitudinal waves which subject the material to
uniaxial strain. 'In general, there are two types of stress
pulses generated by an impulsive load (Ref 24:5): a

longitudinal pulse in which the particle motion is parallel

to the direction of propagation of the pulse and the strain
is a pure dilatational disturbance and a trsnsverse pulse
in which the strain is in the nature of shear. 1In a
transverse pulse, the particle motion is normal to the
direction of propagation of the pulse. 1In practically all
situations, it is sufficient to consider only longitudinal
disturbances in which particle motion is in the same direc-
tion as progress of the wave front (Ref 23:317). When

L
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considering longitudinal disturbances, two velocities are
important, the propagation velocity of the disturbance and
the particle velocity. The particle velocity is that

velocity with which a point in the material moves as the ;
disturbance moves across it (Ref 24:7).

Plate impact causes waves and wave interactions in the

directions come together, the resulting stress is obtained

by the principle of superposition (Ref 26:2).

One-Dimensional Flow

The propagation of plane, longitudinal waves results
from the planar collision of two flat, parallel plates of
infinite extent (Ref 6:979). Under these conditions, net
strains are confined to the finite or x dimension and wave
interactions do not involve partition of the stress waves
into longitudinal and shear wave components. The infinite
medium in the y and 2z direction will assure that the net
strain in these directions is zero, even though the lateral
stresses are non-zero. As long as the measurements or
effects are recorded prior to the arrival of release waves
(edge effects) from the y and z boundaries, the one-dimen-
sional criterion is satisfied (Ref 6:979).

Ideally, the pressure pulses produced by the impact
of a flyer plate against a stationary, parallel target

plate are one-dimensional, plane, souare waves. A square

wave has a plateau of constent pressure. In front of this

g
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plateau is the vertical shock front and behind the plateau

is a verticel rarefaction that falls off to zero pressuyre.

Jump Conditions

Spalling processes occur according to the dictates of
the three fundamental conservation laws of physics, namely,
those of mass, momentum, and energy. Consider a plane
shock front traveling at constant velocity, C, into
stztionary material at pressure or stress Po, density Qo ,
and specific internal energy Eo, Fig. 1 (Ref 7:8). The
ffame of reference for the shock wave is the material or
Lagrangian Coordinates where the frame moves with the wave,
The material is accelerated to a particle velocity, U.P ,
by passage of the shock front and compressed to a density
Q‘?Q‘, . The state of the shocked materiel .is related to
the initizl state by a set of jump conditions that rep-
resent the conservation of mass, momentum, and energy in

the shock.transition:

Q,c: Q(c -Up) conservation of mass (1)

P-R= @CUp conservation of momentum (2)
%

Pu?:QOC(E-E°+-q‘{-) conservation of energy (3)

The term Q.,C is termed the impedance and is symbolized
as Z. Eqs (1) and (2) are used to eliminate Up and C
from Eq (3), and the result is called the Rankine-Hugonoit

relation:

E-Ef 7(4-VXP+R) (1)

(-}

R R T
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p.EP po, Eo, Po
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Fig. 2. Stress-Particle Velocity Plot
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where V is the specific volume. These equations include
five parameters of the shocked state which are C,Up, Q ,
P, and E; one more relation, an equation-of-state, is
required before specification of one parameter enshles
calculation of the other four (Ref 7:9).

If the equation-of-state is given in the form
E = £f(P,V), it is combined with Eq (4) to yield a relation
between P and V known as the Hugonoit. This Hugonoit
relation is precise and unique, and it represents the locus
of all points which may be reached by a shock transition
from the initial state. It is important to understand the
Qistinction between the Hugonoit and other P-V relations
because of its importance in determining equations-of-state
at very high pressures by means of shock wave techniques

(Ref 7:9).

Graphical Representations

Representation of a pulse is atcomplished in several

different ways. There are two verticel and two horizoatal

axes for representation of a shock wave (Ref 24,:88).

Either stress or time is plotted as the ordinate, and

either particle velocity or distance is plotted as the

abscissa. Flyer velocity plotted against flyer thickness . g
b was used. When the appropriate equation-of-state data
hecome available, the initial flyer velocity can be

converted to stress and the flyer thickness to time. For

these data conversions, it is essential to have an

8
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understanding of time versus distance diagrams and stress
versus perticle velocity diagrams.

Fig, 2 shows a stress versus particle velocity diagram.
The point zero on this diagram represents the stationary
target (stress and initial velocity sre zero) which has an
impedance of Zz‘ When the flyer plate impacts the target

plate, the conservation of momentum, Eq (2), illustrates

the fact that the greater the resulting particle velocity,

the greeter the resulting stress. As the particle velocity
increases, the corresponding stress must follow along the
line whose slope is Zz beginning at the origin. The final
stress and particle velocity are somewhere on this line.
The initial particle velocity of the projectile is W, and
the corresponding stress is zero. When the projectile
impacts the target, the particle velocity of the projectile
decreases and the stress increases. The stress and particle
velocity relationship is determined by the line whose slope
is-Z\, and the final stress and final particle velocity
are somewhere on that line. Since the final stress and the
final particle velocity of the two materisls are equal,
the point where the two impedance lines intersect defines
the only conditions that can exist after impact (Ref 13).
The top portion of Fig. 3 shows an interface after
impact with the shock waves emerging from the interface at
various times. The shock waves precpagate at their
dilatational velocities, Below this impact configuration,

a time versus distance diagram is shown. This diagram

9
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shows the two different waves emerging from the interface
and shows the progress of the wave through the materiel.

It can easily be deduced that the siope of the line rep-
resenting the propagation of the wave through a material is
equal to the reciprocal of the dilational wave velocity
(Ref 13).

A knowledge of the relationships between time versus
distance and stress versus particle velocity diagrams can
be useful in dynamic, impact proolems. Fig. 4 has both
types of diagfams, and the following narrative will discuss
the relations between both disgrams. The time versus
distance diagram is discussed first. At time -E,, the
projectile, Z , has not impacted the terget, and the two
are still separated. The lines 1, 2, 3, and 4 are
characteristic lines., A characteristic line is a line
that defines & discontinuity in pressure, particle velocity,
or internal energy. Regions a, b, and c are regions in
which no aiscontinuities can exist because no character=
istic lines cross the regions. In region a, the' pressure
and particle velocity are zero and W, , respectively,
corresponding to the point & on the stress versus particle
velocity diagram. In region b, the pressure and particle
velocity are both zero corresponding tc point b on the
stress versus particle velocity diagram. Point 6 is a
point in material Z, at 4+, . As time increases, the
first characteristic that crosses position 6 is line 3

teking the material Zg.from region b to region c.
11
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Characteristic 2 has a positive slope; therefore, the path
on the stress versus particle velocity plot from point b to
point ¢ must also have a positive slope, Zz, Starting at
€, from point 5, the first chsracteristic is line L wvhich
hzs a negative slope sepzrating regions a and c. Then,

the path from pcint a to point c¢ must have a2 negetive

slope,-Z on the stress versus psrticle velocity plane.

H 3
Since region ¢ is free of crossing charscteristics, there
can be no discontinuities in pressure or pzrticle velncity,
o~ . <. ties . .

ihus, the point defining the conditions in region ¢ must
be common to both lines drawn from points a and b on the

stress versus particle velocity plane (Ref 13).

Assumptions

Various assumptions are essential in a spallation
study. The first twc assumptions necessary are that the
material heve the same properties in every direction from
each point. These conditions are closely approximated
since most metals are considered to be homogeneous, iso-
tropic materials. The next three assumpticns zre the
following: (1) the stress wave is plane, (2) the plane
stress wave impinges on a plane free surface with normal
incidence, and (3) only the plane stress component per-
pendicular to the surface is considered (Ref 3:2.-1). The
last two assumptions vital to a dynamic impact inves-
tigetion are that one~dimensional strain be present and
that the stress pulse generated bty planer impact is

representeted by a square pulfg.
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Boundary Conditions

A shock wave is affected by abrupt changes in the phys-
ical properties of the medium through which it is traveling
(Ref 24:2). The laws which govern the modification of the
pulse as it crosses an interface betweern two materials are
derived from the following two boundery conditions: (1)
the stresses on the two sides of the boundary are equal,
and {2) the particle velocities normal to the boundary are
equal (Ref 24:15). The first condition results from the
fundamental law of hydrostatic pressures and as long as
normal incidence alone is considered this condition will
hold for solids. The second condition is equivalent to
specifying that the two medies remain in constant contact
at the boundary. These conditions hold for every point on
the incident wave. The two equations which express these

conditions are written as

0z + 0x = O (5)

and

Up + Ug = Uyg (6)
where 63, Gg , 0 , Wy , W , and Wy are the instantaneous
values of stress and particle velocity, respectively for
the incident, reflected and transmitted pulses, respec-
tively. From conservation of momentum, it can be shown
that

g = QoCuP (7)
1,
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where Qo and ¢ are the density of the material and the

velocity of propagation of the pulse, respectively. From
Eq (7) it follows that

= — (8)

The subscripts denote the first and second-media.

Substituting Eq (8) into Eq (6)

Gz _ % | 9T (9)
Q‘Ct QICI Q‘&Cl'

and solving Eqs (5) and (9) simultaneously, first for G4 in

terms of Gy , then for 6g in terms of 03 , the two fun-
damental equations governing the distribution of stress

at an abrupt change in media will be obtained:

. 2.QCa
P, obt ~ Y ¢ I
G (&C{Q\C; * (10)

a—i - (1(:1.- Q\Cf G'i:
QzC::"QiCl

(11)

When considering the transmission of a disturbance, a
property of any medium is its specific acoustic impedance,
Z, defined as the product of the density and the velocity
of propagation of transient stresses (Ref 24:87). Then
Eqs (10) and (11) can be written as

_ 272

g Ox (12)
15
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dg = ...Z*_'z_'q"i (13)

Z,+2,
The problem of interest in this investigation is the
process that occurs when a transient pulse traveling
through a material encounters a free surface, where Zz
is equal to zero. Applying this added condition to Egs

(12) and (13) results in
dy =0 (14)

Gg -G (15)

This says that there is zero stress at a free surface and
that a reflected wave is opposite in nature from the
incident wave. A compression wave is reflected as a
tension or rarefaction wave. This rarefaction or tension
wave unloads the target material to zero stress since it
is equal to the compressive stress and opposite in sign

(Ref 2:253).

Spalling

The phenomenon of spalling occurs when & compression
wave in a solid is reflected at a free surface. At this
surface the stress normal to the surface should be zero.
Thus, the reflected wave is a tension wave which can
interact with a compression wave moving through the same
region as shown in Fig. 5. These two waves algebraically

add according to the law of superposition; therefore, it
16
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is possible for a net tension to be created in the target
materizl. The tensile stressés can exceed the dynamic
strength of the material at some distance from the surface.
Then, fracture may occur ‘at a surface parallel to the free
surface and so a spall zone is formed. The impulse of the
‘portion of the wave that is trapped in the spall gives a
velocity to the spall, which flies off from the fracture
surface (Ref 3:2-1). The wave interactions that lead to
spalling can be seen in the time versus distance diagram
of Fig. 5, and the tension created can be seen in the stress
versus particle velocity diagram of Fig. 5.

Studias of the spalling of metal plates have shown
that the two factors that have the greatest influence on
spalling are the shape of the stress wave, and a critical
normal fracture stress that is characteristic of the
material acted upon (Ref 25:127). A knowledge of the
distribution of stress as a function of time at all points
in a material is important to establish a spall criterion;
spall damage depends on peak stress and on pulse width.

An equivalent distribution is that of flyer velocity as

a function of flyer thickness. The critical normal
fracture stress is defined as the mimimum, dynamic, tension
stress required. to rupture a material (Ref 24:36).

Spalling occurs in a short period of time (micro-
second region), but it occurs in an orderly fashion, This
phenomenon concerns large compressions followed by large

tensions. Spalling is caused by stresses of very short
18
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duration and of very large magnitude. The spall process
is influenced by the pre-treatment given to the material
by the compression wave, and it may be influenced by a
temperature rise. Fcr the purpose of studying the mech-
anism of spalling, it is essential to know that fracture
starts at weak points in the material (Ref 3:1-10).

The units pertinent to a dynamic, impact investigation are
microseconds for time duration and kilobars for stresses,

One kilobar is defined as 109 dynes per square centimeter.

Exploding Foils

The exploding foil assembly is a criticzl experimental
requirement. An A exploding foil assembly is used to
accelerate thin plates on the order of three to ten mils
of Mylar. The experimental procedure section describes in
detail the A assembly (Ref 9:221, 223). The pulse length

of the shock wave produced in the material under inves-

tigation is primarily governed by the thickness and material

of the flyer (Ref 9:227, 229). Therefore, by varying the
thickness of the accelerated flyer plate, the pulse
duration is varied; variation of the flyer velocity leads
to variation in the pesk pressure obtained (Ref 9:220).
The thin plates are accelerated by precducing a high-
pressure, metallic vapor by rapid joule heating of an
aluminum foil, enclosed in the exploding foil sssembly, by
s cepacitor system (Ref 9:221) A uniform foil explosion

enables the high-pressure gas t¢ ccelerate the thin,

19
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flyer plate over a period of time as energy is transferrad
from the capacitor storage through the foil vapor into
flyer kinetic energy (Ref 14:272). It is possible by
varying the flyer velocity to describe the damage threshold
of the material under study as a function of flyer thick-
ness (Ref 9:221). The flyer velocity is the parameter

of prime interest in this experiment since the initial
particle velocity is of importance in the shock hydro-
dynamics. It is necessary to determine the flyer velocity
for each experimental shot due to a variation of transfer

efficiency.

20
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IIi. Experimental Procedure

Introduction

All plate impact data were obtained at the Weapons
Laboratory Pulse Power Facility. A capacitor bank was
used to provide the energy needed to accelerate a flyer
plate which impacted a target material; this process
simulated X-ray induced shock waves. Thus, shock prop-
agation resulted from planar impact with the geometry of
‘the impact affecting che pulse shape and magnitude. The
damage mechanism of spallation was of prime concern. The
velocity and thickness of the flyer are important parameters
since they can be transformed into pesk pressure and pulse
width respectively in the shock wave.

This section will be concerned with the experimental
equipment and experimental procedure. The capacitor bank
will be discussed along with the impact configuration; the
exploding foil assembly that produces the flyer plate for
impecticn on the target plate will be described. After
discharging the capacitor bank, it is possible to obtain
a record of the flyer flight and impact by photographic
technioues. The experimental arrangement can be seen in
Fig. 6. Also included in this section will be a descrip-
tion of the eouipment employed for obtaining the flyer
velocity. Macroscopic and microscopic analyses performed

after impact are also important. Finally, a preliminary

vacuum, impesct study is described.
21
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Capacitor Storage System

A detailed description of the equipment evailable at
the Pulse Power Facility can be found in a report by
Wunsch, Soapes, and Guenther (Ref 30); this discussion is
a summary of the tecﬁniques that they have developed.

The capacitor storage system was arranged geomet-
rically in a square consisting of four, 0.5 microfarad Axel
Capacitors which were electrically connected in parallel.
The exterior of the capacitor bank was ground with the
metallic portions made from aluminum. The high-voltage
plate was located in the interior of the bank, and the
bank was filled with a high-grade transformer oil in order
to prevent electrical breakdown, thereby zllowing closer
spacing between high-volitage parts.

The capacitors were charged through a three megaohm
resistor by a commercial power supply. A charging current
of about 3.5 milliamperes was usually obtained. The
capacitor bank had a total capacitance of two microfarsds
and had a capability of firing 125 kilovolts and dumping
up to 16,000 joules. The dumptime was 1.5 microseconds
with a ringingfrequency of 1/3 megacycle.

The capacitor storage system was discharged by a trig-
gered spark gap switch through a thyratron circuit using a
pulse transformer to produce a triggering pulse. The spark
gap was pressurized from atmospheric pressure up to 60 psi

to hold off higher voltages and insure the capedbility of

23
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discharging the bank over a2 ramge >f voltages obtziming

relizble triggering.

Flver znd Target

The flyer mzterial used was iyler, znd the ss=ples
were 3.0 by 3.5 inches with z tolerance of 0.015 inch.
The Mylar thickness varied depending on the pzrticular
need; the thicknesses used in this study were 3, 5, 7.5,

and 10 mil (0.C01 inch = 1 mil) 211 with 5 tolerance of

Iods

C.1 mil. The Mylar flyers were obtzined preassembled in
an exploding foil assembly.

The target material used was a structursl alloy,
6061-T6 aluminum; s complete alloy designation can be
found in Appendix B. The target samples were cut from
sheet stock of 6061-T6 A1, and in 211 cases the sahples
were 1.75 1 0.05 inches square with a thickness which
remained constant throughout the investigation. The thick-
ness was 0.032 inch with a tolerance of * 0.003 inch. A4ll

experimental shots used samples from the szme sheet in an

attempt to insure consistencr of material properties.

Exploding Foil Assembly

An exploding foil assembly or transducer load was
necessary in order to accelerate thin HMylar flyers to
impact on the sluminum target. Each experimental shot
performed for this study required a new trensducer lcad:
the nomenclature for the transducer lord used was A 0.25 Al

(3/2 X 3/2) MYLAR, referred to ss an A load. The type of
2L
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lcaé w=s 4, 0.25 AR refers te the thickmess in mils of the
sluminun f6il used, znd 3/2 X 3/2 is the size in inches of

¥ylar that will rip cut upon vaporization of the aluninux

The elexents of the explcding foil zssembly used in
this experiment wers z beck-up block, copper electrodes,
2n 2iuminuw foil, 2 Myler cheet, zné z tarrel, which was
mzce up 0f two sectiomns. Tne construction of zn assexmbly

differs zccording to the limitztions placeé¢ on the psra-

meters in cuestion, snd verious of these zssembl

[ED

eg gre

discussed in severasl references (Ref 6, ¢, znd 30). &

m

block éizgram of the & 2ssembly is shown in Fig. 7, end
a2 photogzrzph of the 4 zssezbly is shown in Pig. 8. ‘ppen-
Gix C censistis of figures of ezch of the elements in the 4
explocing foil zssembly.

The tack-up block wes made of plexigizss, and the
block was three inches scuare znd 2 hzlf inch thick. The
function of the back-up block wzs to confine the explcsion;
an increzse of shock blcck thickness increzses fiyer
velocity (Ref 9:225). For this investigation, howvever, a
half-inch shock block thickness was sstisfzctory. The
back-up block had two grooves on two opposite sides; the
grooves were milled to 0.C05 * G.CCO05 inch deep and were
centered 1 1/2 inches along opposite sides. The grooves
ran 3/L inch towsrds the middle of the square side of the

blcck. Copper electrodes, G.C05 inch thick, were then

glued into the grooves on the back-up block using Ezstmen

25
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910 adhesive; they were fitted into place in the grooves
with a portion of.the electrodes extending out pzst the .
block. This was true because the electrodes were 1 1/2
inches square. In other words, approximately half of each
electrode protruded from the back-up block. This permips'
joining the exploding feil assembly to the capacitor bank
system. Next, a 0.25 mil- aluminum foil was placed in line
with the copper electrodes but centered in the back-up
block. Since the foil was 1 3/L by i 1/2 inches, the longer
dimension overlapped equally (1/8 inch) in both direétions
over the copper electrodes. A thin coat of conducting
silver was spresd between the- electrodes and the foil. A
sheet of Mylar, 3 by 3 1/2 inches, was glued cver this
entire block arrangement. The long dimension was assem-
bled 90° from the copper electrodes producing a half inch
overlap of Mylar on this side. This half inch m;y be used
to verify flyer thickness. The bottom hzlf of the barrel
was then glued to the assembly. This pert of the barrel
was also made from plexiglass; it was a block 1/4 inch
thick and 3 inches scuare. But it had a 1 1/2 inch square
section cut out in tne center which determined the size of
flyer. The top half of the barrel wes then glued to the
bottom half. The top half of the barrel was similar to the
bottom half except that the top half had gas ports, di-
rectly above the copper electrodes. The gas ports aid in
viewing the Mylar flyer during flight by directing gas

flow away from the viewing eii? (Ref 9:223). It should be
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X

pointed out thet the tolerance of the pzrts of the assembly

was 1/64 inch unless specified otherwise above.

Plate Impact

- Before the exploding foil essembly wes pleced in its
impsct configuration, it was hezted under a2 lemp for
approximztely 15 minutes to eliminate zir bubbles betveen

4

the Mylar and aluminum foil. It wes beiieved that this

treztment enabled the zluminum foil to vzporize more

uniformly, therefore, improving olanzrity.

The thin flyer vas accelerzted above the top of the

. benk end wss impacted upon the terget materizl. The ex~
ploding foil zssembly was joined to the capzcitor benk by

clamping the copper electrodes of the assembly to the

e ) A 9
n%u.,;ﬁb‘\.m..mkww oA
)

electrodes of the benk. The cepacitor benk wes discherged

through & contrel console. All experimentel runs vere
performed at room temperature snd pressure.
With the above arrangement, the discharging of the

capacitor bank caused the aluminum foil to vaporize pro-

A : ducing a high pressure, aluminum vepor. This vapor ripped

E ’ out a section of Mylar the area of which wes determined by
2§,

¥ the dimensions of the barrel — 1 1/? inches square. The
s b2

Fk Mylar was accelerated at 2 high velocity that wss deter-
-

. mined by the veltege, the efficiency of discherge, and the

thickness of the 2luminum end Myler foils., For this partic-

ular study the aluminum foil thickness was & constant since

only A loads were used. Trancsfer efficiency wes defined as

29
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the raetio of flyer kinetic energy to the initially stored,
electricel energy. The flyer velocity recuired for the
terget spall threshold de%ermined the range of bank volt-
ages and the particulsr 2luminum foil needed. For zll
experimental shots, the transfer efficiency ranged frem 20°
to 69 percent. G(scilloscope traces were obtained for each
shot of the current change through the aluminum foil. The
current wazveform (di/dt) was a good indicator of the effi-
ciency of energy transfer (Ref 9:231, 232).

The Mylar flyer traveled approximately two centimeters
before impacting the a2luminum target thst wes isolated
above the foil zssembly by e bracket arrangement. An air
gap was present between the lozd and the target; 2 con§tant
distance ves msintained for 211 experimental shots to keep
the seme volume of a2ir in the gsp. The térget ves posi-
tioned far enough from the exploding foil essembly so that
there was insufficient time for the target to be disturbed
before the impact of the flyer (Ref 21:5). A more impor-
tant consideration vias that the separation had to be suf-
ficiently great for the flyer to sttain a terminal velocity
(Ref 21:15). After each experimental shot, the flight of
the target was terminated by a pesdded box that had been
placed over the experimental afea of the capacitor bank., A
photograph showing the exploding foil assembly, the 6061-T6
Al targel, and the testing ares of the capacitor bank before

firing may be seen in Fig. 9.

30
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Fig. 9. Impact Configuration
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The preceding errangement wss used for this exper-
imental study, but it is possible by chenging exploding foil
assembly parametersto perform different experiments. Thus,
by verying the voltage on the bank and by changing assembly
parameters, one is zble to achisve & reassonasble flyer

velocity range (Ref 9:227).

Spall Threshold

For each particulsr flyer used the voltage which
caused the 6061-T6 Al target to spsll was found. Then the
voltage was varied on both sides of this threshold voltage
by small increments to obtain numeroué veleccity points
near the damage - no damage threshold point. By adjusting
the initial voltage on the energy storage capacitors, it
was then possible to very the flyer velocity. It was
possible to accelerste the thinner Mylar flyers to higher
velocities (Ref G:226;. This procedure was repested with
esch different flyer (3, 5, 7.5 or 10 mil) used, but in
all ceses the thickness of the target (32 mil) was kept

constent.

Framing Camera

A Beckman and Whitley, Model 189, High-Speed Framing
Camera was used to phctograph the flyer motion. It was
possible to obtain 25 frames with this camere with framing
rates as high as L.5 million fremes per second. The con-
trols for the camera vere also on the control conscle used

for the capacitor bank.

32
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A report by Wunsch ané Guenther (Ref 29) describhes

in detail the framing cemera used in this investigzstion.

High-speed framing cameras mzke use of roteting mirrors
and field stops, and they exhibit 2 changing field of view
and of frame size as the mirror rotates. The use of the
freme edge as a reference line reouires thet the magnitude
of these effects be known. The determinaticn of the flyer
velocity using the framing cemeras recuired measuring on
the film the distance the flyer had moved from the refer-
ence line. The best way to mzke the velocity measurements
was by measuring movement with respect to the frame edge.
Therefore, to make velocity measurements using the frame

edge as a reference line, one must mzke corrections for the

change in frame size and the shift in the field of view,
The films obtained from.the Model 189 csmera were
processed at the facility using a Recordak Proster Film
Processor. Less than five minutes wes recuirec to process
each film. Each shot film was examined for planerity with
the 2id of a film viever. After the planarity was deter-
mined, the average velocity of the flyer was also deter-

mined from the film.

Velocity Determination

The velocity of the Mylar flyers was determined from
the high-speed photographs obtained for esch experimental
determination. The 35 millimeter negative film was read on

a Richardson Film Reader which has the capability of viewing
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the displacement of the flyer between frames. The tech-
niques necesssry to.operate the reader are discussed in the

report by Weis, Sanchez, and Guenther (Ref 28:2).

Damage Determination.

After a target was shocked, macroscopic and micro-
scopic investigations were conducted on the recovered
target. To insure one dimensionality only the center of
the specimen was considered. If spall was not visible, the
sample was examined in the metallurgy laboratory.

Only the samples from the shots with the best planar-
ity were chetked for damage microscopically at the metal-
lurgy laboratory. Samples were sectioned as depicted in
Fig. 10. The center sections obtained from the impacted
targets were mounted and polished, then viewed microscop-
ically for damage. The sample was investigated for damage
only at the center of the sample to eliminate edge effects.
If no damage was observed, the sample was etched, then
viewed for damage again. A detailed narrative of the

metallurgical procedures required can be found in Appendix

D.

Vacuum Shots

Preliminary vacuum shots were conducted. The same

experimental geometry as the air shots was employed except

that the impact configuration was enclosed by a bell jar,
and this enclosure was evacuated to epproximately 10 -6 mm

Hg. This eliminated the air cushion from affecting the
34
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flyer. All of the technicues described previously were

also used for the vacuum shots.
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Fig. 1C. Sectioned 6021—'1‘6 Aluminum Target
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IV. Bz=tz Lim=lysis

zstions-of-State

Mylar was chosenr zs the flyer materizl beczuse it
bzs been considered to be the best srojectile for zn
exploding foil imvestizztion whem high pressures ever a
short durzstion are reagnired (Ref 9:2LL). Mylar is
considered an excellent flyer; however, its ecuation-of-
state is not well known. Inzbility to obtain ¥ylar sheets
thicker then 1L mil hes preventedé obtaining a complete
scuztion-of-stzte for ylar (Ref §:2iL}. The data pres-
ently zvailable at the AF Weapons Lzboratory are not knosn
well enough zbove 16 kilobars, but J. R. Penning of the
Boeii g Company hes recently obtained datz for Kylar valid
up to 30 kilobars {2ef 20). Kevertheless, the eauation-
oi-state of i#ylar will have to te completely determined
vefore a2 complete analysis is possible.

The target material, &051-T0 a2luminum, was chosern
beczuse its Hugonoit equation-of-state was readily avail-
able. Another important factor contributing to its selec-
tion was the availability of shock impact data for this

particular alloy. This was desirable since it could

provide a comparison if necessary.
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Impzct Cegmetrv

Igportant fzctors zre present in tre design of 2 fly-
ing plzte experixent. The tzrget to flyer trickmess rzstio

—ust be lzrze encuzlk to prevent the catch-up of s rare-

i

faction weve, but this thickness retio must znet te too

2 rerefzciion from the free surfzce eof the flyer plate will
overteke the collision-praduced shock, tefore this shock

2

rezches the free surface of the target plste (Ref 15:173).

cleerly, this minimum retic of thicxnesses will very accoré-
inz to tkhe particuler investigstion concerneé. Tnis min-

imum required ratio mzy te cottzined graphicaily on the time-

he shock wa2ve mropsgsztion ~ith time will

]

indicste the minimum plate tihickness necesszry in this case

oty

or a dMylar flyer and a 6061-T6 z2luminun target. . The de-

[N

”
a3

18]

sign of this experiment using 2, 5, 7.5, 10 mil flyers
each impzscting & 32 mil tszrget took into zccount the rere-
faction wave catch-up point.

If the ratio of plate thickmesses is too large, the
edge effects may influence the central region of the terget.
A check to insure one-dimensional strein can be accomplished

on 2 time versus distance plot, Fig. 11 (Ref 4). The mini-

mum distance that the wave must travel in the target meterial

38
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0.032 INCH TARGET THICKNESS

- - A$BCHD
175
y - A$BEC+D

6061-T6 ALUMIKUM TARGET

MYLAR 6061-T6 ALUMINUM TARGET
FLYER

At= tz-tl

ty e ————=

Yy |[-m———————= 8

Fig. 11, Determination of tre Influence of Edge Effects
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to 21lox for possible spzllaticn is equzl to (A + B + C + D).
As leng as the laterzl dimensions of the target are wmuch
lzr- er then its thickness, the cdistznce (£ + B+ C + D) -4l
be insignificent. For exsmple, the greatest thst (A + B +
T + D) can be for this investigation is zpproximztely 0.075
inch which is truly insignificznt coapared teo the lzteral
dimensions of the target, 1.75 inches scuzre. Thus, the
impact will be completed before the efifects of the edge can
be experienced.

Since this experiment did not z2llow for a constant
plate thickness ratio, the Gzta obtzined was pulse shape
dependent. This failure to sczle the target causes differ-
ences in pulse durztions (Ref 6:985). For this experiment
the time duration was such that the plate thicknesses used
would not significantly alter the pulse shape. It can ove
said that the pulse shape remained squzre. The puise share

of the thinnest flyer, 3 mil, would be most influenced.

Planarity

The dependability cof many of the experimental shots
Was limited by the smouvnt of tilt present tetween the flyer
and tsrget at impact. This question of planarity reoquired
2 criterion to specify the degree of departure from planer
impact. Such a criterion was necessary in order to in-
crease the accuracy of this experiment. The literature
citea in many cases the use of pins to messure the tilt or

planarity, but this method usually czuses an error in the
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ord of the flyer flight 2nd impzct; therefore, the films
could ezsily be observed cn ¢ film vierer for flyer planar-
ity at impzct. It was importznt £o formuizte z criterion
ané to zpply it consistently on ezch exverimentel shot.

The planarity criterion wze 2ntirely srbtitrery, zné it wss

bzsed on the best planzrity bein
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was divided into four clzsses wkich zre the following: P-1,
P-2, P-3 and P-L. Piznarity-one or P-1 was the flzttest
impact cbserved on the {fiim. Fig. 12 shows photogrsphs
which are typical exzmples of three oi the four claesses of

planarity. The four classes of plznarity were essigned

because all shots seemed to fall into cne of the four levels.

The worst planarity, P-L, is not represented in Fig. 12,

but it wes a level with more curvature 2t impsct than P-3.

Damage Classification

A criterion to describe the damege zfter the flyer-
target impact was essentizl; the damege cf primsry interest
in this investigation was that of spsli. The demege crite-
rion used to classify the recovered 6061-T6 aluminum ter-
gets was based on whether the damage was external or in-
ternal. It was necessary to apply this criterion concist-

ently in classifying each recovered specimen.
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Fig., 12.

Examples

of Planarity,
42
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(1)

To insure one-dimensicrality, it was expedient to

- consider only tke center region of the impscted semples.
Efter preliminary investigetions, it became zppzrent that
furctker znslyses would have to be limiteé to the experi-

mental runs thzat were elzssified as P-1. T

datez was too great if the other planzrities were considered.

Recoverec samples of 6061-T6 z2luminum were considered
to have spzlled only if the spzll wes visible, otherwise
the sample was exzmined at the metzllurgical isborztory.
A photograph of a spall sample czn be seen in Fig. 13. At
the metallurgical laborstory center sections were obtained
from the impacted targets and then mounted, pclisked, znd
viewed microscopically fer possible internsl spell. Spzll
found in this menner was termed incipient spall. Two
examples of incipient spzll can be seen in Fig. 1L and Fig.
15. If none was observed, the specimen was re-polished and
etched then viewed for demzge agein. When incipient spall
was observed for this experimentzl set-up, it occurred in
a single spall zcne. In most cases, incipient spall was
found after polishing, therefore, not recuiring etching.

If no damage was observed, the impacted t=zrget was classi-

fied as a no spall specimen. Therefore, recovered samples

could be classified into one of three classes — spall,
incipient spall, or no spall,

This concept of classifying the damage is not a new
one, and the terminology is certainly not new. It is only

that these classificstions have been defined to mean
43
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Fig. 13.

Spalled 6061-T6 Aluminum Target
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Pig, 14. Incipient Spall in 2861—-% Alupinum Target(Top Edge)
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Fig. 15. Photomicrograph (50X) of Incipient Spall
46
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different stages in the spall process depending on the

'S

srticuler investigator. As a result, it is sometimes

difficult to correlzte similzr results.

Flyer Velocity

It was apparent befcrehand that the determination of
tlke flyer velocity for shots clessified &s P-3 or P-4 would
be of little value. Afterwards, it was also resolved to
reject P-2 shots beczuse an unacceptzble scatter of deta
resulted. The importance of obtaining the best possible
flyer velocity for the P-1 shots was evident.

Flyer velocities were calculated from the shot film
records that were read using & Richardson Film Reader.

The velocity was computed by dividing the difference in

displacement between consecutive frames by the time in-

terval between them. Displacement was measured at the
center of the impacted sample. The veleccity at several
points was determiied to obtain en average flyer velocity.
Personnel at the AF Weapons Laboratory Pulse Power Facility
have developed computer programs that determine the flyer
velocity and its error (Ref 28:3). The programs account
for camera corrections, end they reject spuricus data
employing the method of least saquere. The error involved
in the calculation of the average flyer velocity was five

per cent for P-1 data.
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CGraphical Representation

Tre experimentzl dcta is presenteé, Fig. 16, in a ‘plct
6f flyer velocity versus fiyer thickness. The third para-
meter depicted in thkis representation is thst of damage
clzssificetion. It must be emphasized that these data-
ére only for the best plarerity skots, those that were
P-1. 7Tne erez 2bove the curve is the damzge arez for the
6061-T6 aluminum; damage is considered to be both spail
end incipient spail. The zrez below the curve is tke no
démzge or nc spsll zrez for tke target material. A least
squares fit was- applied to this experimentally determined

exponential curve, znc the following equation was obtzined:

V=Cexp(-zCM) (16)

vhere (C= 3.326
C;f 0.G3505

V= flyer velocity in mm/usec

%ﬁ

M= flyer thickness in mils

The above equation can be used to find the values of flyer
velocity for different flyer thicknesses at the point of
separetion between damege and nc damage. Thkis point of
seperation between demege and no damage can be defined as
the spall threshold of the material. The flyer velocity
wss calculasted using Eg (16) fcr the flyer thicknesses used
in this investigetion and the velocities calculated vere

within the five per cent error associated with the ex-
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perimental delermination of the sverage welocity. )

The initial velocity or flyer velocity can essily be
converted to the pesk pressure rezched upon impzct pro-
viding that the Kugonoits of the flyer and of the target
ére known. First, the target Fugonoit is plotted on the
stress-particle velocity plene starting st the origin since
the target is initially a2t rest znd unstressed. Next, the
flyer‘Hugonoit is 2lso vlotted on the stress versus particle
velocity plane with initial conditions of the flyer un-
stressed but a2t initisl velocity, %h2 flyer Hugonoit is
extended until it intersects the target Hugonoit, and this
intersection defines the impact or peak pressure and the
impact velocity. The intersection dictates the impact
pressure and velocity since it is the only point common to
the material Hugonoits; therefore, the intersection sat-
isfys the boundary conditions thst must be met. The bound-
ary conditions being that the stress .and particle velocity
be equel at the impact surface. This process is illus-
trated in Fig. 17 for several initial velccities. The
flyer velocity was not converted to impsct pressure because
of the uncertainty existing *n the Mylar Hugonoit. Until
the Mylar Hugonoit is completely determined, it is better
to present the data with the flyer wvelocity.

The tension pulse duration is a function of the flyer
thickness. The thickness of the flyer can 2lso readily
be transformed graphically to pulse duration. This can be

accomplished on the time-distance plane as can be seen in
50
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6061-16 ALUMINUM HUGONOIT

YLAR HUSONOITS

op,

v
uo; U0 uo3 P
- Fig. 17. Conversion of Initial Particle Velocity to Peak
Impact Stress
t -
MYLAR 6061-T6 ALUMINUM TARGET
FLYER 06
;
At=4t ¢
: % :
e == ;
X ¢, 3
Fig. 18. Conversion of Flyer Thickness to Fulse Duration :
51 :
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Fig. 18. From this figure, it can be seen that the pulse
duration is tp - tj. When a conversion of flyer velocity -
to impact pressure is practical, it will then be useful

to present a spail thfeshold;curve with impact pressure

and pulse duration.

Spall Measurements

An sttempt was made to correlate the experimental,
incipient spall locations with each flyer thickness.
Photomicrographs were obtained for the incipient spall
samples at 25X then incipient spell measurements were
obtained from these photomicrographs. These measurements
were approximate since it was difficult to define the spall
plane. Once the spall plane was assigned then an additional
ercor was introduced in the measurements, ¥ 0.05 cm. The
total maximum error in these incipient spzll measurements
was 15 per cent. Generally, it could be said that as the
flyer thickness was decrezsed, the spall plane was formed
closer to the free surface. The exact spall location is
very difficult to resolve with. great precision experi-
mentally since spall generally occurs over a region in the

materisl rather than at a discrete plane (Ref 6:993).

Microscopic Analyses

The micrcstructure of the specimens that had been
clsssified as incipient spsll wss exzmined. Since there
were numerous samples in various stages of incipient spall,

it became possible to try end observe how these spalls were
52
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propzgated. The metzllurgiczl anslyses vere performed at

the AF Weapons lzboratory by John E. Cooney. Early in tkhis

b e

nvestigation, he observed that cracking seemed to start in
the inclusions present in the 6051-T6 aiuminum. It was
noticed that in some samples only the inclusions seemed to
have cracked and in others crack§ seemed to run from inclu-
sion to inclusicn. After furtker metallurgical examinstion
of the specimens, he wss sble to show that the more brittle
inclusions cracked then the damsge propzgeted from inclu-
sion té inclusion through the matrix material. This can be
seen in the photomicrographs presented in Fig. 19 end Fig.
20.

It is believed that impulsive losding incresses the
hardness of a masteriszl subjected to shock waves (Ref 1:
167). A hardness survey for 6061-T6 aluminum was performed

by Cooney. A detailed narrative of the analysis is in

Appendix D.

Air Cushion

This investigation was performed at room temperature
and pressure, but an 2ir gap was present for each exper-
imental shot maintaining approximately a two centimeter
separation. Since the variastion in flyer thickness used
was not great, it was believed that keeping the amount of
air between the lozd end target approximately constant
would have approximetely the szme effect on each ol the

different flyers. They would all experience approximetely

53
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Fig. 20. Photouicrograph (1O00X) of Crack Propagation
55
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the same amount of air cushioning before impact. After the
air shots had been'completéd, it was decided because of the
various publications éoncefning air cushioning of thin
flyers to investigate this effect. Only a preliminary
study was accomplished, and it revealed that a more exten-
sive study is required. For a 5 mil flyer,’it was found.
that the vacuum spall thréshold was 25 per cent lower ‘than
that in air. This percentage may be even greater, but it
was not possible to obtain an exact comparison because the
operational capacitor bank spark gap reached its lower
voitage limit.

Since the air is progressively compressed as the flyer
plate approaches the ﬁérget plate, it might be expected

that the wave profile induced in the terget plate will

differ from that induced in the sbsence of air (Ref 11:62).‘

The most important effect of air is in altering the wave
profile.’ The magnitude of the effect of an air cushion
depends on the driver plate thickness. For very thin flyer
plates,: the peak pressure at the interfsce will be atten-
uated (Ref 11:76). A possible solution to the problem of
air cush;oning could be reached by decreasing the thickness
of the air gap; however, in the plate impact method, it is
necessary to pro&ide a suitable gep to allow the fiyer to
_accelerate to essentially constant velocity, reach a steady
state (Ref 12:482).

The effect of an air cushion has been determined for

Plexiglass (Ref 16:19, Ref 21:19). A flyer free run dis-
56
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GNE/PH/68-2

tance of 1/16 inch was used both for a normal atmosphere
‘environment and a vacuum environment. For flyers greafer
than 30 mil, the Plexiglass spall threshoid did not vary
either in air or vacuum. For flyers varying from 10 to
30 mil, there was not too great a difference in spall
threshold measurements, about 0.0l centimeter per micro-
second. The effect of an air cushion becomes critical for
Plexiglass flyers less than 10 mil. These Plexiglass data
serve as a strong indication that a similar study should be
performed using Mylar. The Plexiglass date can not be
directly correlated with the Mylar data becsuse of the
differences in experimental techniques. The densities of
the two plastics are different, and a free run distance of
two centimeters was used in this experimentel investigation.
Guenther states that once the mass of the flyer ex-
ceeds the mass of the air separsting the flyer and target,
air cushioning ceases to be a majiorn problem. In general,
this effect becomes noticeable for flyers thinner than
1/32 to 1/16 inch and is, therefore, important for Mylar
accelerations, where a flyer twice as fast in air as one in
vacuum may be required to produce damage (Ref 9:235).
Sandia Corporation attempted to explain variations in
spallation thresholds by ccnsidering 2ir cushioning among
several possible csuses, but they were unable to sasy that
it wss only 8ir cushioning ceusing & 3:1 difference in
some cases (Ref 10:3). The presence of the sir not only

decreases the projectile velocity but a2lso alters the input
57
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wave shape by zn exponential buildup to the desired scuzre

pulse (Ref 1C:L). Tney arrived a2t two ccnclusions. First,
the experiments were conducted under such dissimilar con-
diticns tkat any attempted correiztion of & spzilaticn

threshcld is mezningiess. Secondly, the exploging f£il

nethod perwuits higher impact pressures, tut the control of
the experimentzl pzremeters cam be mcre difficult than with

an air gun (Ref 10:6).

i
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V. Results gnd Biscussion

This experimentzl investigstion 2llowed for the study
of 5061-T6 aluminun, aznd it revezled such things zs single
’ E
spzlling, incipient sp2il pattern, spall threshold, spell
propsgztion, znd no herdening. These will be discussed in

order.

Single Spalling

when spzll occurred either internzlly or externslly,
it occurred only in a-single zone parezllel to the target
front and bzck surfaces. 2 single spall {fer this experiment
woulé indiczte that only encugh energy was aveilable for
one spzll zone to form.

Waves of relztively weak intensity procduce z single
fracture zone (Ref 23:90). Single spalling is merely 2
special case of multiple spzlling for the situestion in
which the maximum intensity of the transient stress lies
between the critical, ncrmel fracture stress and twice that
velue (Ref 23:91). The number of spalls increases with the

linear dimensions of the experimental set-up (Ref 3:6).

Incipient Spall Pattern

Incipient spall, which was defined as internal spall,
did not occur over a well-defined plane but was spread over
a region which depended on the flyer velocity for each flyer
thickness. The flyer thickness controlled the location of

the spall zone. It was also determined that the average
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incipient spsil depth corresponded to zbout 1/5th of the

Szmple thickmess.

LA AL TR I NN T

At the spall threshold (point where incipient spzll
begins), the flyer velocity will czuse 3 thin incipient

epell. As tke flyer velocity was increazsed so wes the width

of the incipient spzll until complete sepzrsticen (spz2il)

occurred. 7Tnis was 21so observed by Elincow ané Keller who

found tazt the incipient spall zone was wider when the !
- stress was high encugh to cause dzmege ever in regions

where edge effects were interfering (Ref 2:261). But it

p——re

skould be kept . in mind that it is not pessitle to completely

A r— -
.

eliminate zll boundary effects.

by e AN

The incipient spall locaticns were correlated with ' .
esch flyer thickness. It was found that as the flyer
thickness was decreased the incipient spall region was

created nezrer to the target free surface. A thickness

«

e ——
\ ¥ ome o

increase would dictate a region farther from the free

-~

surface. This was as expected and can be seen graphicaily

. et —— -

on the t - x plane where decressing flyer thicknesses force
the rarefaction waves in the target to shift towards the

free surface. Keller and Trulio observed that cracks .

appeared in a region neer the free surface of the target at
& depth approximately equal to the driver plate thickness

(Ref 15:3). So this would also indicate that as the

LI N

driver plate thickness is decressed, the incipient spall

region moves nearer to the free surface.

The average incipient spall depth was 1/5th the sample
60

ep—

e Ay B pei -




Rark | ar > 2 an
g
N L
L2 R

L3
VLT oy

SAMS" I AP SR AL 1Y

AL DL ACASI AL A

ey

oot daome i duat g i

pua il S 2NN LA N AL
SO e .

CNE/FH/68-2

thickness. This_agrees with Kelier and Blincow wnc found
thet the spall region in 5061-T6 aluminum extended from
1/6th to neerly 1/3rd cf the thickness of the target

(Ref 2:261).

Spall Threshold

Spall samples were those that visibly.indicated spall
after impact. . If spall was not observed, the recovered
targets were examined in the metallurgical laboratory,
There they were classified as either incipien: spall or no
spall. The flyer velocity was plotted as a function of
flyer thickness with damage classification as a parameter.
The spall threshkold for each-flyer thickness was defined to
be at the point of separation between damage and no damage.
Lamage was considered to be both spall and incipient spall
while no démage was no spall. A curve was obtained by
éonnect;ng the spall thresholds reached at each individual
flyer thickness and the spall threshold for 6061-T6 Al
was obtained. This spall threshold curve is plotted in
Fig. 16,.and the data used to obtain this curve can be
found in Appendix E. This curve represents one of the
major outcomes of this work; however, it must be remembered
that these data were obtained in the presence of air. An
equation that can be used to predict the spsll threshold

for 6061-T6 aluminum was obtained by a lesst squares fit

V= C,exp (-C,M) (16)

61
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where Cl= 3.326.
Cz= 0.08505

V = flyer velocity in mm/usec
2t the spzll threshold

KM = flyer thickness in mils

It would be better to plot pressure versus pulse
duration, but the Kylar Hugonoit eguation-of-state is not
completely known; therefore, the spallation threshold data
have been reported as flver velocity ;ersus flyer thickness.
The Bugonoit of Mylar in the stress range of 3 to 30 kil-
obars has teen determined and is considered to be the first
accurate data that ! ve been obtained for this materiel
(Ref 20:1). For this study, the Myler Hugonoit must be
known in the neighborhood c¢f 60 kilébars for a thorough
analysis. Once this requirement has been fulfilled, theﬁ;
the flyer velocity can be converted readily to the initial
impact stress. This is accomplished graphicglly using the
Mylar and 6061-T6 aluminum Hugohoits‘using the variablés
stress and particle velocity. fhe initial impact stress is
often used as an expefimental reference rather than the
induced tension because the negati&e equation-of-state of

the material in tension necessary for the calculastion of

tension are not available (Ref 17:361), Therefore, the
length of time over which the maximum tension persists and

its magnitude cannot be calculated accurately until a

[ complete Hugonoit for Mylar is obtained.
| While the Mylar data are only known to 30 kilobars,

the Hugonoit of 6061-T6 aluminum is available at the
62
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AF Weszpons Laborstory to 60 kilobars and above. These
data cever this 2lloy in botiz the elzstic end plastic
- regions,

Tne experimentzl fector which contributes the most
uncertainty is that of determining whether or not the
target spalled (internally or externally) (Ref i5:175).
Keller and Young fourd that this difficulty accounted for
the scatter in threshold velocity as & function of flyer
thickness and amounted to about ten per cent (Ref 16:15).
The best remedy for this problem is to insure consistency
of the damage critericn formulated. When other inves-
tigations are judged, the importent idea to remember is
that different investigators have used similar terminology
but different criteria. The difficulty in determining
damage or no damage for the recovered samples can be
somewhat overcome by proper metallurgical techniques.

An effort was made to compare, the spall threshold
data obtained for 6061-T6 aluminum. This intention was
troublesome because of varicus fsctors. This alloy had
been dynamically impacted using various experimental
techniques. Some investigators had used a gas gun while
others had used exploding foils. In some cases data were
obtained in a vacuum while in others air studies were
performed. Different flyers and flyer thickness ranges
had been considered. Various plate thickness ratios had
been considered for pulse shape conservation. Even

different designations of the same alloy had been impul-
63
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sively loaded. Therefore, a direct datz comparison was

e e = o —E -

not feasible since other impact data for the alloy were

obtzined under different conditions. -
Kelle; and Blincow conducted an impact threshold study

with both flyer and target being 6061-T6 aluminum (Ref

2:261). They used both expleding foils and an air gun with

flyers ranging from 10 mil up to 250 mil while this

experiment was concerned with flyers ranging from 3 mil up

to 10 mil. The spall threshold at 10 mil was a good point

to correlate the data from the two experiments., After

correcting for the difference in flyer 'materials and plate

thickness ratio, the only remaining difference appeared to

i ot ——————— o o4
.

be that they performed their investigation in a vacuum,

T AR PR PO T,

At 10 mil the spallation threshold obtained in this study

was gregter by a factor of two over the spallation thresh-
g 0ld obtained by Keller and Blincow. Penning, Young, and
i Prindle obtained air gun data with 9.25 mil flyers ;
; impacting 6061-T4 aluminum targets (Ref 21:85). Their i;

i data were in agreement with Keller and Blinesow.

Spall Propagation ;a

The mechanism of spall formation and propagation in

6061-T5 aluminum was significant. The inclusions were

AT

observed to crack first followed by propagation from inclu-

b

sion to inclusion until complete spallation resulted.

The microstructure of a material can profoundly

influence the pattern of spelling (Ref 23:91). This

4 vl ansa FUECS MES 2 A

« 0
« .
Vo Lo T T LT o

experimental investigation was concerned with a structural
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alloy, 6061-T6 a2luminum, which was representative of impure
metals and alloys. The inclusions present in the alloy were
introduced in aluminum to give it strength, but dynamic
léading of the 2lloy sttacked these inclusions in such a
way that the inclusions proved to be the point of vulner-
sbility. These inclusions strongly influenced the pattern
of spelling.

Inspection of verious incipient épall specimens

revesled that in some cases only cracking of the inclusions

‘had. occurred and none of the sluminum metrix. Other

specimens indicated that cracks spréad outward from the
cracked inclusions. Therefore, it was deduced that the
inclusions cracked first then the cracks propagated from
inclusion to inclusion through the matrix material. These
cracks propagated until a complete separation or spall
resulted. Fig. 19 shows photomicrographs of cracked
inclusions, and Fig. 20 shows the crack propagation from
inclusions. The electron microprobe haes been used to show
that the inclusions in 6061-T6 Al contain large amounts of
iron or silicon with lesser enounts of copper, manganese,
chromium and magnesium present (Ref 5:4). Such a mixture
is brittle relative to the aluminum matrix; therefore,
dynamic impact would first result in the failure of the
brittle inclusions. This situation is additionally
complicated when the fact is introduced that a coemplicated
stress stste will be produced in botlt the inclusion and

matrix when a shock wave interacts with these dissimilar

65
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materials.

The effect of gicrostructure on crack initi.tion and -
propagation in 6061-T6 aluminum has also been performed by
Dr. Barry Butcher of Sandia Corporation (Ref 5:1). He
presented ‘photomicrographs that he believed introduced the
possibility -that crack propagation is somewhat influenced
; : by the inclusions; there seemed to be a greater number of
‘o inclusions in regions where cracks had formed: (Ref 5:4).
He concluded that spali in 6061-T6 aluminum may well be
influenced, if not completely controlled by impurities
(Ref 5:5). Another related article by personnel at Sandia

Corporation states that spall is thought to be nucleated

at inclusions and at precipitates 2s interfacial contact

bkttt

between the matrix and the particle is destroyed by shock

P

wave action (Ref 6:988).

For impure metals and alloys, Moss and Glass found

- ‘
£ raoos SiNG e

that cracks were observed to start at inclusions; the

cracks then propagated through the material wit): simul-
teneous plastic deformation (Ref 19:7). 1In a paper

i presented at a conference, Moss, Glass, and Golaski stated
that microscopic studies indicated that spalls began at

inclusions, and the propagation of the spall surface is a

i function of the number and types of inclusions (Ref 8:115).
An attempt was made to determine if the cracking in

" the alloy was transgranular or intergranular. This venture
to see if the cracks followed or crossed the grain bound-

aries proved to be unsuccessful., This was attributed to
66
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T e

the fa~t that the inclusions and the cracks were sttacked

GRS

by the various etchants used before the grain boundaries

could be located.

T
T
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¥

Hardness (3
»% Recovered targets were examined for changes in hard- %
%f, ness 2nd microstructure. No significent change in hardness E
éi was observed, and no phase transitions were observed. Some %a

of the literature specifys that the hardness of metals and

-

gt ATt S

alloys increases with increasing shock pressure (Ref 1:197,
Ref 7:35). An average temperature rise of 350° was calcu-

lated for the recovered specimens. It can be concluded

el

that this tempersture rise applied for the short periods

ML,

~

of this experimental arrangement would not affect the

hardness.
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VI. Conclusions

Jeire L g g Ve

A criterion to predict material spsllation was estab-

Lo x g o

lished for the structurel alloy, 6061-T6 2luminum. The

)

spall threshold in this materisl was cxperimentally

e

measured and can be czlculated. The empiriczl equaticn that

cen be used s a criterion to allow spall predictions for E
6061-T6 is %
V = Ciexp (-C,M) (16) é
where C,= 3.326 'é
02= 0.08505
V = flyer velocity in mm/usec

at the spall threshold
M

flyer thickness in mils

PO NI LA L L1 R IR T T

Besides formulating a spall criterion, an additional

result of significsnce was reached. The mechanism of

i s gl 2

incipient spall formation in 6061-T6 eluminum was micro-
scopically observed. This mechanism can be extended to
apply to the initiation of incipient spall jn impure metals
and alloys. Photomicrographs revealed cracks that seemed
to start at inclusions, brittle compared to matrix materiel,
during the early stsges of incipient spall and that seemed
to propegate from inclusion to inclusion during later

stages of incipient spall formation.
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This investigation used experimental techniques that

can be extended to study the response of other materials

- to shock waves. Once materials with different properties
ave been researched, it may then be possible to predict

material spallation by & general spall model.
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Yacuux. Study

A spaliation thresheld investigestion should be per-

~ . g T
P e et W S

formed with impact occurring in a vacuun. There should be

two mzin objectives in this recozmended study; these ob-

g
PRAALL L h e

jectives are the following: (1) perform an identical

P Oays
.

e2nalysis to tkis thesis study, and (2) determine tke
critical flyer thickness where 2ir cushioning ceases to
be a2 major problem. Tne first objective should provide a
vacuum spallation thresholé tnat would be relative to the
air spzliation tkreshold; the second objective would lead
to a criterion that would specify when a dynamic response
determination should be performed in a vacuum or in air.
Included in the second objective should be an attempt to

determine the critical flyer-target sepzration distance.

Multiphase Metals

After the above investigation has been completed, re-
search should be directed towards spallation in multiphase
metzls. This study has been proposed by ILt. A. I. Blechman
of the Air Force Weapons Lzboratory. HReliable sources in-
dicate that in a two-phase material, incipient spall tends
to begin in the more brittle phase. This is because the
mechanical properties are different. The stress wave that

propagates through the material causes a different amount

70
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of strain into different phases. Normally, this is re-
lieved by plastic deformztion; however, in the time interyal
associated with the passage of such a wave, plastic de-
formation does not occur. This, together with the compli-
cated state of stresses that normally exist at an interface
between two phases, causes failure to begin in the more
brittle phase. It is proposed that a two-phase material
such as brass be impacted with mylar flyers using the plate

slap equipment at the Pulse Power Facility to generate
incipient spall. '
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Appendix A

Literature Survey

The references listed in the bibliography are the

ones most applicable to this investigation, and they are
representative of publications in the field of shock waves
in solids, especially fracture and spall. Since other
literature is available, this bibliography is by no means
complete. The literature search performed was able to get
the references to converge using two different sources,
First, various literature surveys were used such as Survey

of Spallation Literature by Z. Reider and Impact Physics

by Sandia Corporation. Both of these contained information
up until 1959, Bibliographies were obtained from the
Defense Documentation Center and Battelle Memorial
Institute containing information for the last twenty years.
The DDC Bibliography contained only Government literature,

and the Battelle survey had both Government and periodical

literature. The Engineering Index was researched for the

period of 1959-1967. Secondly, bibliographies contained in
acauired articles were followed through. Thus, by using
the literature surveys and bibliographies from articles,
the point was reached where the same articles were being

referenced.
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Appendix B

Aluminum Alloy Designation

The designation 6061 aluminum refers to a wrought
aluminum alloy having a nominal composition of 0.6 per cent
Si, 0.25 per cent Ca, 1.0 per cent Mn, 0.25 per cent Cr,
and 97.9 per cent Al. The suffixed designation TX,X being

any number, refers to the heat treatment given the alloy.

T

A1l 6061-TX alloys have been solution-heat-treated at 970
degrees Fahrenheit for two to three hours. If aged at 350

degrees Fahrenheit for six to eight hours, the designation
is T6 (Ref 21:149).
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Appendix C

Exploding Foil Assgmbly

The nomenclature for the exploding foil assembly ﬁsed
for this experiment was A 0.25 Al (3/2 x 3/2) MYLAR. The
elements of the exploding foil assembly are a back-up
block, copper electrodes, an aluminum foil, a Mylar sheet,
and a barrel, which is made up of two sections. The first
figure in this appendix shows the relative position in the
assembly for each element. The following figures in this
appendix give specifications for each element in the
assembly. A detailed discussion is available in the

experimental procedure section.
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BOTTOM BARREL HALF

FLYER

0

ALUMINUM FOIL

COPPER ELECTRODES

O

BACK- UP BLOCK

Fig. 21. Elements of A gxploding Foil Assembly
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Aprendix D

Metallurgical Procedures

Control Sample

A control sample of 6061-T6 aluminum was found to
exhibit a hardness range of 52.5 to 58 Rockwell B, with

an average of 55.25 Hockwell B. The average grzin size

was determined to be ASTM 6 1/2. This indicates that the ?
average grain diameter is approximately 0.COl4%¢ inch and
that there are approximately 48 grains per square inch at
100X, There did not appear to be any unusual deformation ]

characteristics within the control sample.

g

Sectioning ;
Recovered 6061-T6 targets were sectioned as depicted i

[

in Fig. 15. The metallurgical specimens were extracted A

from the center region of the impactzd target; samples

were approximately 0.75 inch by 0.25 inch. Potential dam-
age induced by sectioning was kept to a minimum by using a
jewelers saw. The sectioned samples were mounted in a

Bakelite molding compound; they were mounted to permit

observation perpendicular to the motion of the shock wave

through the target.

Polishing
A flat surface was provided by rough grinding. Gross }
effects of sectioning were removed using silicon carbide i

8L
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discs of 120 grit followed by 180 grit. Fine grinding

vas performed on successively finer silicon carbide discs
of 240, 320, 400, and 600 grit. Final polishing was con-
ducted-with a 15 micron diamond compound and subsequently
with 2 one micron diamoné compound. Finish polisking was
conducted by vibratory polishing technigues using a 0.3

micron alumina slﬁrry. Care had to be taken in polishing
to insure that the harder inclusions were not removed from

the softer bsse material.

Etching

Micro-constituent etching was accomplished using the
following etchant: 5 ml hydrofluoric acid, 10 ml sulfuric
acid, =nd 170 ml weter. A4 chemical etchant to determine
the grain boundaries but not react with the constituents

has not been found.

Microscopic Observations

Most stages of incipient spall were viewed micro-
scopically at about 50X to 100X. The early stages of
incipient spell usuelly required a magnification of about
1000X. In most cases only polishing and not etching was
satisfactery in revealing incipient spall. The polishing
operation causes a layer of deformed metal to be produced
on the surface which distorts the true micro-structure of
the material. By lightly etching the specimen, this layer
can be removed without delinerating the grain boundaries or

dissolving the inclusions.
85
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Hardness Testing

Sl aT

Flanarity-Cne, P-1, samples that exhibited either
incipient spall or no spall were tested for hardness. A -
Knoop Diamond Indentor and a 0.1l kilogram weight were used :
with a Wilson Tukon Micro-hardness Tester. Observations ;
were niade at 200X, and hardness readings were taken across

the specimens at intervals of approximately 0.005 milli-

meters.
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Appendix E

Table of Experimental Data

Table I
Spall Threshold Data for Mylar Flyers Impacting on 32 mil
6061-T6 Aluminum Target for Planarity-Cne Shots Only
Flyer Thickness Flyer Velocity

Shot Number (mil) (mm/usec) Damage
0524 10 1.42 No Spall
0531 10 1.86 Spall
0539 5 2.42 Incipient Spall
o541, 7.5 1.84 Incipient Spall
0558 5 2.12 No Spall
0559 5 2.06 No Spall
0560 7.5 1.39 No Spall
0561 0 1.56 Incipient Spall
0561, 7.5 1.69 No Spall
0570 5 2.4,8 Spall
0571 5 2.41 Spall
0575 5 1.91 No Spall
0576 7.5 1.88 Spall
0578 7.5 1.85 Incipient Spall
0579 10 1.76 Spall
0580 10 1.75 Incipient Spalil
0583 10 1.52 Incipient Spall
0586 5 2.17 Incipient Spall
0588 7.5 1.62 No Spall
0589 5 2.36 Incipient Spall
0597 5 2.17 Incipient Spall
0604 3 3.07 Spall
061l 3 2.64 No Spall
0616 10 148 No Spall
0617 10 1l.46 No Spall
0618 10 1.33 No Spall
0619 10 1.59 Incipient Spall
0620 3 2.8 Incipient Spall
0621 3 2.88 Incipient Spall
0622 3 3.03 Spall
0623 3 2.89 Incipient Spall
0628 5 2.42 Incipient Spall
0642 7.5 1.56 No Spall
5 0646 7.5 1.68 Incipient Spall
3 0675 7.5 1.89 Incipient Spall
E 0676 7.5 2.02 Spall
s 0677 7.5 . 2,01 Spall
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