
; AIR UNIVERSITY
'U UNITED STATES AIR FORCE

SCHOL Of ENGNEERING

WRIGHT-PATTERSON AIR FORCE BASE, OHIO

AFLC-WPAFB-PAMG 68 6M

/0 

'



DETERMINATION

OF SPALLATION THFESHOLDS

BY EXPLODING FOIL TEChNIQUES

THESIS

GNE/PH/68-2 Jose R. Baca
Captain USAF

This document is subject to special export controls
and each transmittal to foreign governments or foreign
nationals may be made only with prior approval of the
Dean of Engineering, Air Force Institute of Technology
(AFIT-SE), Wright-Patterson Air Force Base, Ohio,45433

AFLC-WPAFB-AUG 68 35



DER!INATION OF SPALLATION THRESHOLDS

BY EXPLODING FOIL TECHNIQUES

THESIS

Presented to the Faculty of the School of Engineering of

the Air Force Institute of Technology

Air University

in Partial Fulfillment of the

Requirements for the Degree of

Master of Science

by

Jose' R. Baca, B.S.Ch.E.

Captain USAF

Graduate Nuclear Engineering

June 1968

This document is subject to special export controls and
each transmittal to foreign governments or foreign
nationals may be made only with prior approval of the
Dean of Engineering, Air Force Institute of Technology
(AFIT-SE), Wright-Patterson Air Force Base, Ohio, 45433



GUE/P/6S-2

Preface

The thesis research was performed under the direction

of the Physics Group at the Air Force Weapons Laboratory

at Kirtland AFB, New Mexico. Every single member of the

group provided assistance that led to the completion of

this project, but there are certain indiViduals that must

particularly be mentioned. The contributions by the

personnel at the Pulse Power Facility were profitable, and

the data could not have been obtained without the aid of

TSgt Bobby D. 'Wade. Captain John T. Viola, thesis advisor

at Kirtland, and Captain Joseph B. Webster provided initial

guidance of the research and pre]iminary critique of the

thesis report. The metallurgical results could not have

been achieved without the analyses of Mr. John E. Cooney.

I must also mention the support and encourgement supplied

by my thesis advisor from the Air Fofce Institute of

Technology, Prof. J. A. Wilson.

Captain Jose R. Baca

1



GNE/PHI/65-2

Contents

Page

Preface ............................................ i

List of Figures .................................... v

List of Tables ......*.*................. ....... vii

Abstract ........................ viii

I. Introduction ................... ; ............. 1

Problem Statement ............... 1
Problem Analysis .......................... 3

II. Theory ....................................... 4
I n t r o d u c t i o n . . . . . . . . . . . . . . .
Vaves ...................................... 4

One-Dimensional Flow ...................... 5
Jump Conditions ........................... 6
Graphical Representations ................. 8Assumptions ............................... 13
Boundary-Conditions ....................... 14Spalling .................................. 16
Exploding Foils ........................... 19

III. Experimental Procedure ....................... 2

Introduction ................................... 21
Capacitor Stora&e System .................. 23
Flyer and Target .......................... 24
Exploding Foil Assembly ................... 24
Plate Impact .... .. . . .. .. .. .. 20
Spall Threshold ........................... 32
Framing Camera ........................... 32
Velocity Determination .................... 33
Damage Determination ...................... 34
Vacuum Shots .............................. 34

IV. Data Analysis ................................ 37

Equations-of-state ....... . . ............... 37
Impact Geometry ........................... 38
Planarity ............................... 40
Damage Classification .................... Ul
Flyer Velocity ...... ..................... 47Graphical Representation .. .
Spall Measurements o ...................... 52
Microscopic Analyses ... .................... 52
Air Cushion ....... ........... ............. 53I iii

]



- GNE/PH/6S-2

Contents

Page

V. Results and Discussion ............................ 59

Single Spalling ................ ... ..... ... 59
Incipient Spall Pattern .................... 59
Spall Threshold ........... . ........... 61
Spall Propagation ................. .. . 6LHardness ............. . . . . . . . ..... 67

VI. Conclusions ........ ..................... 68

VII. Recommendations ...... ... .................... 70

Vacuum Study ................ o .............. 70
Multiphase Metals ....... .............. ..... 70

Bibliography ............. ........... ............. 72

Appendix A: Literature Survey ...................... 75

Appendix B: Aluminum Alloy Designation ............. 76

Appendix C: Exploding Foil Assembly ................ 77

Appendix D: Metallurgical Procedures ............... 84

Appendix E: Table of Experimental Data ............. 87

Vita ................. . . . . . . . . . . . . . . . 88

iv



GNE/PH/68-2

List of Figures

Figure . Page

1 Representation of Plane Shock Front ........... 7

2 Stress-Particle Velocity Plot ................. 7

3 Propagation of Shock Wave Represented by Time-
Distance Plot ................................. 10

4 'Relationships Between Time-Distance and Stress-
Particle Velocity Plots ........................ 12

5 Graphica Illustrations of the Occurrence ofSpall ..................... .. . ...000 ........ 17

6 Overall Equipment Diagram .................... 22

-7 Diagram of A Exploding Foil Assembly ... ...... 26
8 Photograph of A Exploding Foil Assembly ....... 27

9 Impact Configuration ...... . ......... 31

1 10 Sectioned 6061-T6 Aluminum Target ............. 36

11 Determination of the Influence of Edge Effects. 39

12 Examples of Planarity, P-1, P-2, and P-3 ...... 42

13 Spalled 6061-T6 Aluminum Target .............. 44

14 Incipient Spall in 6061-Y6 Aluminum Target .... 45

15 Photomicrograph of Incipient Spall ............ 46

16 Spall Threshold of 6061-T6 Aluminum ........... 49

17 Conversion of Initial Particle Velocity to
Peak Impact Stress ............................ 51

18 Conversion of Flyer Thickness to Pulse
Duration * *...................... ........... 51

19 Photomicrographs of Cracked Inclusions ........ 54

20 Photomicrograph of Crack Propagation .......... 55

21 Elbments of A Exploding Foil Assembly ......... 78

22 Top Half of Barrel ............................ 79

V



GNE/PH/68-2

List of Figures

Figure Page

23 Bottom Half of Barrel .......... ............. 80

24 Ml Flyer .............. 

25 Aluminum Foil end Copper Electrodes ........... 82

26 Back-Up Block ........ . ...............

vi



• -%

GNE./PH/8-2

List of Tables

Table Page

I Spall Threshold Data for Mylar Flyers Impacting
on 32 mil 6061-T6 Aluminum Targets for Planarity-
One Shots Only ................................. 87

vii



Abstract

Exploding foil tecihniques were used to accelerate a

!Mylar £iver at a controlled velocity to prcduce a plane,

longitudinal shock wave in 6061-T6 aluminun, and the

interaction of the wave with the target free surface was

studied.

Flyer velocity and planar-ity were determined by high-

speed, photographic techniques. 'me spel! threshold was

determined as a function of fl-yer velocity and thickness.

A criterion was formulated to predidt, the spall threshold.

Microscopic analyses revealed the mechanism of

incipient spall in 6061-T6 aluminum to be cracks which

propagated from inclusions in the matrix material.
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DEMEMINATION

OF SPALLATION THRESHOLDS

BY EXPLODING FOIL TECHNIQUES

I. Introduction

Problem Statement

Requirements exist to formulate fracture criteria for

shock wave interactions at free surfaces for different

materials. Fracture caused by the reflection of a shock

wave from a free surface is defined as spalling or scabbing

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

spall predictions for a structural alloy, 6061-T6 aluminum.

Specifically, this research involved material spallation

induced by a high-pressure, short duration pulse in a

specimen.

This-problem was significant since it wps directly

applicable to the determination of' the vulnerability of a

re-entry vehicle to a high-pressure, compressive pulse with

a short duration. Pulse simulation was obtainable experi-

mentally by impacting a flat flyer plate on a flat pprallel

target, A capacitor storage system was used to accelerate

- a Mylar flyer, enclosed in an exploding foil assembly, at

a controlled velocity'to impact a 6061-T6 aluminum target.1The shock waves produced w-ere propagated through the target
with the possibility of causing 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 wave reflected from the

flyer-target interface. If the net result of these two

stress waves was a tension, it was then possible for a

spall surface to form at this point of interaction. Spall-

ation occu'red if the resulting tension was greater than

the dynamic tensile strength. In general, a time delay for

spalling occurs in ductile materials which should not exist

for brittle materials.

The evaluation of material damage resulting from the

interaction of shock waves at free surfaces and material

boundaries has been -explored by many investigators. When

making scientific investigations on the effects of explo-

sives, Hopkinson, in 1914, observed an interesting phe-

nomenon which has since been termed a Hopkinson Fracture,

spalling, or scabbing (Ref 23:315). Serious 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

2
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re-entry vehicles. Such a criterion is vitally needed in

light of present problems to allow for reliable predic-

tions of material damage.

Problem Analysis

A thorough review and evaluation of the literature

was essential to determine what previous efforts had been

made. Several surveys were available, and the Engineering

Index was researched. The literature 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 material was a metal

for which the assumptions of homogeneity and isotropicity

were valid.

The flyer velocity and the flyer impact planarity were

determined by photographic techniques. Thus, data reduction

depended heavily on the interpretation of film data. Macro-

scopic and microscopic analyses were necessary to determine

the degree of spall damage in the recovered targets. A

criterion for spall was formulated by considering the dam-

age threshold of the material with flyer velocity as a

function of flyer thickness. The flyer velocity and thick-

ness can be converted to peak pressure and pulse duration,

respectively.

3
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II. Theory

Introduction

The production of shock raves by dynamic impact by

the exploding foil method leads to plane wave interactions

that differ from the static loading efforts. One-dimen-

sional flow and one-dimensional strain may be 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

PE-(, 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 transverse pulse

in which the strain is in the nature of shear. In a

transverse pulse, the particle motion is normal to the

direction of propagation of the pulse. In 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

4
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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

target material. When wo waves traveling in opposite

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 z 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 constant pressure. In front of this
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plateau is the vertical shock front and behind the plateau W

is a vertical rarefaction that falls off to zero pressure.

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

stationary material at pressure or stress Po, density

and specific internal energy Eo, Fig. 1 (Ref 7:8). The

frame 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, LLp ,

by passage of the shock front and compressed to a density

The state of the shocked material is related to

the initial state by a set of jump conditions that rep-

resent the conservation of mass, momentum, and energy in

the shocktransition:

AC:O(C-UP) conservation of mass (1)

p- P= oC conservation of momentum (2)

4P Up c(E-E.+ conservation of energy (3)

The term RrC is termed the impedance and is symbolized

as Z. Eqs (1) and (2) are used to eliminate Up andC

from Eq (3), and the result is called the Rankine-Hugonoit

relation:

E- E j-(V -V)(P+P0 )

6
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j" Fig. 1. Representation of Plane Shock Front
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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, U ,

P, and E; one more relatiQn, an equation-of-state, is

required before specification of one parameter enables

calculation of the other four (Ref 7:9).

If the equation-of-state is given in the form

E = f(PV), 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

distinction 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 accomplished in several

different ways. There are two vertical and two horizontal

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

was used. When the appropriate equation-of-state data

become 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 particle 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 are zero) which has an

impedance of 4. 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 greater the resulting stress. As the particle velocity

increases, the corresponding stress must follow along the

line whose slope is Z, beginning at the origin. The final

stress and particle velocity are somewhere on this line.

The initial particle velocity of the projectile is kko 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 - , 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 materials 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 propagate 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 material.

It can easily be deduced that the slope 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 problems. Fig. 4 has both

types of diagrams, and the following narrative will discuss

the relations between both diagrams. The time versus

distance diagram is discussed first. At time 4-,, the

projectile, Z , has not impacted the target, and the two

are still separated. The lines 1, 2, 3, and 4 are

characteristic lines. A characteristic line is a line

that defines a discontinuity in pressure, particle velocity,

or internal energy. Regions a, b, and c are regions in

which no discontinuities can exist because no character-

istic lines cross the regions. In region a, the pressure

and particle velocity are zero and Uto , respectively,

corresponding to the point a 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 , .As time increases, the

first characteristic that crosses position 6 is line 3

taking the material £ 2 from region b to region c.
ii
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i
Characteristic 3 has a positive slope; -therefore, the path

on the stress versus particle velocity plot from point b to

point c must also have a positive slope, Z,. Starting at

4 , from point 5, the first characteristic is line 4 which

has a negative slope separating regions a and c. Then,

the path from point a to point c must have a negative

slope,-Z 1 , on the stress versus particle velocity plane.

Since region c is free of crossing characteristics, there

can be no discontinuities in pressure or particle velocity.

Thus, the point defining the conditions in region c 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 two assumptions necessary are that the

material have 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 assumptions are 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.-]). The

last two assumptions vital to a dynamic impact inves-

tigation are that one-dimensional strain be present and

that the stress pulse generated by planar impact is

representated by a square pulse.
13
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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 between two materials are

derived from the following two boundary 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 media 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

TL +r, t(5)

and

UM+ =tr (6)

where -, 0- , o- , V-, u , and U..T 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

C- LtP (7)

14
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where %and C 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)

£LZ :(9)

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

terms ofC ,then ford6 in terms of G' , the two fun-

damental equations governing the distribution of stress

at an abrupt change in media will be obtained:

2 ZC 2. (10
(.C (1 1)

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 (ii) can be written as

Z , -(12)

15
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S Z+-Z, T- (13)

The prbtblem of interest in this investigation is the

process that occurs when a transient pulse traveling

through a material encounters a free surface, where Z,

is equal to zero. Applying this added condition to Eqs

(12) and (13) results in

Tr o (14)

" - (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 a 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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Fig. 5. Graphical Illustrations of the Occurrence of Spall

17



GNE/PH/68-2

is possible for a net tension to be created in the target

material. The tensile stresses 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. For 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 critical 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 peak pressure obtained (Ref 9:220).

The thin plates are accelerated by producing a high-

pressure, metallic vapor by rapid joule heating of an

aluminum foil, enclosed in the eyploding foil assembly, by

a capacitor system (Ref 9:2211 A uniform foil explosion

f( enables the high-pressure gas tc ccelerate the thin,

19
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flyer plate over a period of time as energy is transferred

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. ExDerimental 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 The pulse shape and magnitude. The

damage mechanism of spallation was of prime concern. The

velocity and thickness of the flyer are important parametersIsince they can be transformed into peak pressure and pulse
width respectively in the shock wave.

This section will be c-oncerned 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

impaction 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

techniques. 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, impact study is described.
21
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Capacitor Storage System

A detailed description of the equipment available at

the Pulse Power Facility ban be found in a report by

Wunsch, Soapes, and Guenther (Ref 30); this discussion is

a summary of the techniques 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 allowing closer

spacing between high-voltage 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 microfarads

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 trig&ering pulse. The spark

Agap was pressurized from atmospheric pressure up to 60 psi

to hold off higher voltages and insure the capebility of
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discharging the bank over a range 37 voltages obtainnII

reliable arigoering.b

Flyer and Target

The flyer naterial used was Mylar, and the saqples

were 3.0 by 3.5 inches with a tolerance of 0.05 inch.

The Mylar thickness varied depending on the particular

need; the thicknesses used in this study were 3, 5, 7.5,

and 10 mil (O.001 inch = I mil) all with a tolerance of

0.1 mil. The Mylar flyers were obtained Dreasserlbled in i

an exploding foil assembly.

The target material used was a structural alloy,

6061-T6 aluminum; a complete alloy designation can be

found in Appendix B. The target samples were cut from I
sheet stock of 6061-T6 Al, and in all cases the samples I
were 1.75 + 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. All

experimental shots used samples from the same sheet in an

attempt to insure consistency of material properties.

Exploding Foil Assembly

An exploding foil assembly or transducer load was

necessary in order to accelerate thin Mylar flyers to

impact on the aluminum target. Each experimental shot

performed for this study required a new transducer lcad;

the nomenclature for the transducer ]od used was A 0.25 A1

(3/2 X 3/2) MYLAR, referred to as an A load. The type of
24



Ecad was A., 0.25 Al refers to the thickness in zils of the

a!mx foil used, and 3/2 X 3/2 is the size in inches of

-ylar zhat w1l rip cut upon vaporization of the aluminum

foil.

The elements of the exploding foil assembly used in

this exceriment vere a back-up block, copper electrodes,

an aluminu. foil, a Mylar sheet, and a barrel, which was

=ade up o- Vwo sections. The construction of an assembly

differs according to the limitations placed on the para-

=eters in cuestion, and various of these assemblies are

discussed in several references (Ref 6, 9, and 30). A

block diagram of the = assembly is shcrn in Fig. 7, and

a p'hoto-raph or the A assebly is shown in Fig. 8. Appen-

dix C consists of figures of each of the elements in the A
exploding foil assembly.

The back-up block was made of plexialass, and the

block was three inches square and a half inch thick. The

function of the back-up block was to confine the explcsion;

an increase of shock blcck thickness increases flyer

velocity (Ref 9:225). For this investigation, however, a

half-inch shock block thickness was satisfactory. The

back-up block had two grooves on two opposite sides; the

grooves were milled to O.CO5 + 0.0005 inch deep and were

centered 1 1/2 inches along opposite sides. The grooves

ran 314 inch towards the middle of tle square side of the

blcck. Copper electrodes, 0.005 inch thick, were then

glued into the grooves on the back-up block using Eastman
25
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Rri

Pig. 8. Photograph of A Exploding Foil Assembly
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910 adhesive; they were fitted into place in the grooves

with a portion of the electrodes extending out past 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 permits

joining the exploding foil assembly to the capacitor bank

system. Next, a 0.25 mi]-aluminum foil was placed in line

with the copper electrodes but centered in the back-up

block. Since the foil was 1 3/4 by 1 1/2 inches, the longer

dimension overlapped equally (1/8 inch) in both directions

over the copper electrodes. A thin coat of conducting

silver was spread between the-electrodes and the foil. A

sheet of Mylar, 3 by 3 1/2 inches, was glued over this

entire block arrangement. The long dimension was assem-

bled 900 from the copper electrodes producing a.half inch

overlap of Mylar on this side. This half inch may be used

to verify flyer thickness. The bottom half of the barrel

was then glued to the assembly. This part of the barrel

was also made from plexiglass; it was a block 1/4 inch

thick and 3 inches square. But it had a 1 1/2 inch square

section cut out in the center which determined the size of

flyer. The top half of the barrel was 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 fliplit by directing gas

flow away from the viewing area (Ref 9:223). It should be
28
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pointed out that the tolerance of the parts of the assembly

was 1/64 inch unless specified otherv'ise above.

Plate Impact

Before the exploding foil assembly was placed in its

impact configuration, it was heated under a lamp for

approximately 15 minutes to eliminate air bubbles between

the Mylar and aluminum foil. It was believed that this

treatment enabled the aluminum foil to vaporize more

uniformly, therefore, improving planarity.

The thin flyer ,vas accelerated above the top of the

bank End was impacted upon the target material. The ex-

ploding foil assembly was joined to the capacitor bank by

clamping the copper electrodes of the assembly to the

electrodes= of the bank. The capacitor bank was discharged

through a control console. All experimentel runs v-ere

performed at room temperature and pressure.

With the above arrangement, the discharging of the

capacitor bank caused the aluminvm foil to vaporize pro-

ducing a high pressure, aluminum vapor. This vapor ripped

out a section of Mylar the area of which was determined by

the dimensions of the barrel - 1. 1/ inches square. The

Mylar was accelerated at a high velocity that was deter-

mined by the voltage, the efficiency of discharge, and the

thickness of the aluminum End Mylar foils. For this partic-

ular study the aluminum foil thickness was a constant since

only A loads were used. Transfer efficiency was defined as
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the ratio of flyer kinetic energy to the initially stored,

electrical energy. The flyer velocity required for the

target spall threshold determined the range of bank volt-

ages and the particular aluminum foil needed. For all

experimental shots, the transfer efficiency ranged from 20

to 69 percent. Oscilloscope traces were obtained for each

shot of the current change through the aluminum foil. The

current waveform (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 aluminum target that was isolated

above the foil assembly by a bracket arrangement. An air

gap was present between the load and the target; a constant

distance was maintained for all experimentar shots to keep

the same volume of air in the gap. The target was posi-

tioned far enough from the exploding foil Pssembly 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 was that the separation had to be suf-

ficiently great for the flyer to attain a terminal velocity

(Ref 21:15). After each experimental shot, the flight of

the target was terminated by a ppdded box that had been

placed over the experimental area of the capacitor bank. A

photograph showing the exploding foil assembly, the 6061-T6

Al target, and the testing area of the capacitor bank before

firing may be seen in Fig. 9.
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The preceding arrangement was used for this exper-

imental study, but it is possible by changing exploding foil

assembly parametersto perform different experiments. Thus,

by varying the voltage on the bank and by changing assembly

parameters, one is able to achieve a reasonable flyer

velocity range (Ref 9:227).

Spall Threshold

For each particular flyer used the voltage which

caused the 6061-T6 Al target to spall was found. Then the

voltage was varied on both sides of this threshold voltage

*by small increments to obtain numerous velocity points

near the damage - no damage threshold point. By adjusting

the initial voltage on the energy storage capacitors, it

was then possible to vary the flyer velocity. It was

possible to accelerate the thinner Mylar flyers to higher

velocities (Ref 9:226. This procedure as repeated with

each different flyer (3, 5, 7.5 or O mil) used, but in

all cases the thickness of the target (32 mil) was kept

constant.

Framing Camera

A Beckman and Whitley, Model 189, High-Speed Framing

Camera was used to photograph the flyer motion. It was

possible to obtain 25 frames with this camera with framing

rates as high as L.5 million frames per second. The con-

trols for the camera were also on the control console used

for the capacitor bank.
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A report by unsch and Guenther (Ref 29) describes

in detail the framing camera used in this investigation.

High-speed framing cameras make use of rotating mirrors

and field stops, and they exhibit a changing field of view

and of frame size as the mirror rotates. The use of the

frame edge as a reference line reouires that the magnitude

of these effects be known. The determination of the flyer

velocity using the framing camera recuired measuring on

the film the distance the flyer had moved from the refer-

etice line. The best way to make the velocity measurements

was by measuring movement with respect to the frame edge.

Therefore, to make velocity measuremdnts using the frame

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

change in frame size and the shift in the field of view.

The films obtained from. the Model 189 camera were

processed at the facility using a Recordak Prostar Film

Processor. Less than five minutes was recuire to process

,:1 each film. Each shot film was examined for planarity with

the aid of a film view'er. 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 each experimental

determination. The 35 millimeter negative film was reaJ on

a Richardson Film Reader which has the capability of viewing

33
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the displacement of the flyer between frames. The tech-

niques necessary 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 checked 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 approximately 10 -6 mm

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

also used for the vacuum shots.

23



Fig. 10. Sectioned 6061-T6 Alam-inn Target
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TV. Eata AriAalysis

uat nes-of-State

,ylar was chosen as the lyer material because it

has been considered to be the best ._z'ojectile for an

exploding foil investigation when hIgh pressures over a

short duration are required (Ref 9:24-4). Mylar is

considered an excellent flyer; however, its ecuation-of-

staze is not well known. inability to obtain Mylar sheets

thicker than 14 oil has prevented obtaining a complete

equatlon-of-state for Mylar (Ref 9:244). The data ores-

ently available at the AFi Weapons Laboratory are not known

well enough above 16 kilobars, but J. R. Penning of the

Boei g Ccmpany has recently obtained data for I.ylar valid

up to 30 kilobars (Ref 20). Nevertheless, the equation-

of-state of Mylar will have to be completely determined

before a complete analysis is possible.
The target material, b06!-T6 aluminum, was chosen

because its Hugonoit equation-of-state was readily avail-

able. Another important factor contributing to its selec-

j -tion was the availability of shock impact data for this

particular alloy. This was desirable SlInce it could

provide a comparison if necessary.

-1 37



S

innact C-eometry

I.crtanz factors are present in t-e design of a fly-

in= plate exper-2ent. te target to flyer tIckness ratio

=-ast te large enou&h to prevent the catch-up of a rare-

facticn ,'2ave, but this thickness rasio --ust not be too

large such that it disturbs the spall region near the axis.

After a late thickness ratio is determined, it should be

keut constant to inrure that the pulse shame re--_ins con-

if the ratio of plate thicknesses is too snail, then

a rarefaction from the free surface of the flyer plate will

overtake the collision-Drrduced shock, before this shock
reaches the free surface of the target plate (Ref 15:173).

Zlearly, this minim ratio of thicknesses wall vazy accord-

ing to t;he particular investigation concerned. This min-

mur. required ratio may be obtained graphically on the time-

diStance vlane. The shock wave propagation .-ith time will

indicate the minimum plate thickness necessary in this case

for a Mylar flyer and a 6061-T6 aluminun target.. The de-

sign of this experiment using 3, 5, 7,5, and 10 Mil flyers

each impacting a 32 mil target took into account the rare-

faction wave catch-up point.

if the ratio of plate thicknesses is too large, the

edge effects may influence the central region of the target.

A check to insure one-dimensional strain can be accomplished

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

nium distance that the wave must travel in te target niaterial
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Fig. 11. Determination of the Influence of Edge Effects
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Uo allow for possible spallation is equal to (A 4 B + C + D).

As long as the lateral dimensions of the target are -uch

lar-fr than its thickness, the distance (A + B + C + D) -11

be insignificant. For example, the greatest that (A + B +

I + D) can be for this investigation is approximately 0.075

inch which is truly insignificant compared to the lateral

dimensions of the target, 1.75 inches souare. Thus, the

impact will be completed before the effects of the edge can

be experienced.

Since this experiment did not allow for a constant

plate thickness ratio, the data obtained was pulse shape

dependent. This failure to scale the target causes differ-

ences in vulse durations (Ref 6:985). For this experiment

the time duration was sueh that the plate thicknesses used

would not significantly alter the pulse shape. It can be

said that the pulse shape remained square. The pulse shape

of the thinnest flyer, 3 mi! would be most influenced.

Planarity I
The dependability of many of the experimental shots

was limited by the amount of tilt present between the flyer

and target at impact. This question of planarity required

a criterion to specify the degree of departure from planar

impact. Such a criterion was necessary in order to in-

crease the accuracy of this experiment. The literature

cites in many cases the use of pins to measure the tilt or

planarity, but this method usually causes an error in the

40



velocity determination. The 7ost feasible course was to

formulate a critericn usinp- the 35 mi]] imeter filra record

- obtained with the high-speed camera. ThIs film was a rec-

ord of the flyer flight and il"Wact; therefore, the fi]Ims

could easily be observed on a fii'o vie-eer for flyer planar-

ity at impact. it was Important to formulate a criterion

and to apply it consistently on eech- excerimaental shot.

The planarity criiterion was entirely arbitrary, and it was

I based on the best planarity being t!he flattest. Planarity

was divided into four classes wisich are the following: P-1,

P-211 P-3 and P-4. Planarity-one or 1P-1 was tbhe flattest

which are typical examples of three of '!e our classes of

planarity. The four classes of vlanarity twere assigned

because all shots seemed to fall into cne of ti~e four levels.

The worst planarity, P4L, is not represented in Fig. 12,

but it was a level with more curvature at impact than P-3.

f Damage Classification

I A criterion to describe the damage after the flyer-

target impact was essential; the damage of~ prinipry interest

A in this investigation was that of spai)j. The damage crite-

rion used to classify the recovered 606J-T6 aluminum ter-

gets was based on whether the damage was ex-ternal or in-I ternal. It was necessary to apply this criterion concwiqt-
ently in classifying each recovered specimen.
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Fig. 12. Examples of Planarity, P-1, P-2, and P-3
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To insure one-dimensionality, it was expedient to

"consider only the center region of the imp~cted samples.

- After pre]iminary investigations, it became apparent that

further analyses would have to be limited to the experi-

mental runs that were classified as P-i. The scatter of

data was too great if the other planarities were considered.

Recovered samples of 6061-T6 aluminum were considered

to have spalled only if the spall was visible, otler,'ise -

the sample was examined at the metallurgical laboratory.

A photograph of a spall sample can be seen in Fig. 13. At

the metallurgical laboratory center sections were obtained

from the impacted targets and then mounted, pc]isied, and

-viewed microscopically for possible internal spall. Spall

found in this mrnner was termed inCipient spali. Tio

[ examples of incipient spa]] can be seen in Fig. -1 and Fig.

15. If none was observed, the specimen was re-polished and

etched then viewed for damage again. When incipient spall

was observed for this experimental set-up, it occurred in

a single spall zone. In most cases, incipient spall was

found after polishing, therefore, not re(uiring etching.

If no damage was observed, the impacted t~rget 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 classifications have been defined to mean{ 43
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Fig '14. Incipient SpalJ. in W61-T6 Aluminum Target(TooD Edge)
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Fig. 15. Photomicrograph (50X) of Incipient Spall
46



GNE/PH/68-2

different stages in the spall process depending on the

particular investigator. As a result, it is sometimes

difficult to correlate similar results.

Flyer Velocity

It was apparent beforehand that the determination of

the flyer velocity for shots classified as P-3 or P-4 would

be of little value. Afterwards, it was also resolved to

reject P-2 shots because an unacceptable scatter of data

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 a 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 velocity at several

points was determiied to obtain an 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, and they reject spi rous data

employing the method of least sauare. The error involved

in the calculation of the average flyer velocity was five

per cent for P-1 data.
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Graihical Reresetation

The experimental dta is presented, Fig. 16, in a-plot

of flyer velocity versus flyer thickness. The third para-

meter depicted in thiE representation is that of damage

classification. It must be emphasi7ed that these data-

are only for the best planarity shots, those that were

P-1. The area above the curve is the damage area for the

6061-T76 aluminum; damage is considered to be both spa]!

and incipient spall. The area below the curve is the no

dimage or no spall area for the target material. A least

squares fit was-applied td this experimentally determined

exponential curve, and the following equation was obtained:

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

where C,= 3.326

C; 0.o0S505

V = flyer velocity in mm/usec

M= flyer thickness in mils
The above equation can be used to fifid the values of flyer

velocity for different flyer thicknesses at the point of

separation between damage and no damage. This point of

separation between damage and no damage can be defined as

the spal] threshold of the material. ?he flyer velocity

was calculated using Eg (16) fcr the flyer thicknesses used

in this investigation and the velocities calculated were

within the five per cent error associated with the ex-
L8
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perimental determination of ther average velocity.

The initial velocity or flyer velocity can easily be

converted to the peak pressure reached upon impact pro-

viding that the Hugonoits of the flyef and of the target

are known. First, the target flugonoit is plotted on the

stress-particle velocity plane staiting at the origin since

the target is initially at rest and unstressed. Next, the

flyer Hugonoit is also plotted on the stress versus particle

velocity plane with initial conditions of the flyer un-

stressed but at initial velocity, Ilia lyer 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 that must be met. The bound-

ary conditions being that the stress.and particle velocity

be equal at the impact surface. This process is illus-

trated in Fig. 17 for several initial velocities. The

flyer velocity was not converted to impact pressure because

of the uncertainty exising .n the Mylar Hugonoit. Until

the Mylar Hugonoit is completely determined, it is better

to present the data with the flyer velocity.

The tension pulse duration is a function of the flyer

thickness. The thickness of the flyer can also 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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Fig. 18. Conversion of' Flyer Thickness to Pulse Duration
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Fig. 18. From this figure, it can be seen that the pulse

duration is t2 - tI. When a conversion of flyer velocity

to impact pressure is practical, it will then be useful

to present a spall threshold-curve with impact pressure

and pulse duration.

Spall Measurements

An attempt 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 spall 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

eri'or was introduced in the measurements, ± 0.05 cm. The

total maximum error in these incipient spall measurements

was 15 per cent. Generally, it could be said that as the

flyer thickness was decreased, 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

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

Microscopic Analyses

The microstructure of the specimens that had been

classified as incipient spall was examined. Since there

were numerous samples in various stages of incipient spall,

it became possible to try and observe how these spalls were
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propagated. The metallurgical analyses were performed at

the AF Weapons Laboratory by John E. Cooney. Early in this

investigation, he observed that cracking seemed to start in

the inclusions present in the 6061-T6 aluminum." It was

noticed that in some samples only the inclusions seemed to

have cracked and in others cracks seemed to run from inclu-

sion to inclusion. After further metallurgical examination

of the specimens, he was able to show that the more brittle

inclusions cracked then the damage propagated from inclu-

sion to inclusion through the matrix material. This can be

seen in the photomicrographs presented in Fig. 19 and Fig.

20.

It is believed that impulsive lopding increases the

hardness of a material subjected to shock waves (Ref 1:

197). 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 air gap was present for each exper-

imental shot maintaining approximately a two centimeter

separation. Since the variation in flyer thickness used

was not great, it was believed that keeping the amount of

air between the load and target approximately constant

would have approximately the same effect on each of the
So

different flyers. They would all experience approximately
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Fig. 20. Photomicrograph (lO00X) of Crack Propagation
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the same amount of air cushioning before impact. After the

air shots had been completed, it was decided because of the

various publications concerning air cushioning of thin

flyers to investigate this effect. Only a prelinilnary

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 threshold 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

voltage limit.

Since the air is progresdively compressed as the flyer

plate approaches the target plate, it might be expected

that the wave profile induced in the target plate will

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

Tie most important effect of air is in altering thewave

profile. The magnitude of the effect of an air cushion

depends on the driver plate thickness. For very thin flyer

plates,tihe peak pressure at the interface will be atten-

uated (Ref 11:76). A possible solution to the problem of

air cushioning could be reached by decreasing the thickness

of the air gap; however, in the plate impact method, it is

necessary to provide a suitable gap to allow the flyer 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-
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tance of 1/16 inch was used both for a normal atmosphere

-environment and a vacuum environment. For flyers greater

than 30 mil, the Plexiglass spall threshold did not very

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 0.01 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 data can not be

directly correlated with the Mylar data because 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 experimental investigation.

Guenther states that once the mass of the flyer ex-

ceeds the mass of the air separating the flyer and target,

air cushioning ceases to be a major 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 considering air cushioning among

several possible causes, but they were unable to say that

it was only air cushioning causing a 3:1 difference in

some cases (Ref 10:3). The presence of te air not only

decreases the projectile velocity but also alters the input
57
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wave shape by an exponential buildup to the desired square

pulse (Eef 10:4). They arrived at two conclusions. First,

the exoeriments were conducted under such dissimilar con-

diticns that any attempted correlation of a scallaticn

threshold is neaningless. Secondly, the expir-ing £:).;i

method permits higher impact pressures, but the control of

the experimental parameters can be more difficult than with

an air gun (Ref 10:6).
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V. Results and iscussion

This experinental investigation allowed for the study

of 6061-T6 aluminun, and it-revealed such things as single

spalling, incipient spall pattern, spll threshold ,spell 4

propagation, and no hardening. These will be discussed in

order.

Single Sralling

when spll occurred either internally or externally,

it occurred only in a-single zone parallel to the target

front and back surfaces. A single spall for this experiment

would indicate that only enough energy was av&ilable for

one spell zone to form.

Waves of relatively weak intensity produce a single

fracture zone (Ref 23:90). Single spalling is merely a

special case of multiple spalling for the situation in

which the maximum intensity of the transient stress lies

between the critical, normal fracture stress and twice that

value (Ref 23:91). The number of spalls increases with the

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

Incipient Spall Pattern

Incipient spa]l, 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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sambpe thickness.

At the spal! threshold (point where incipient spel!

begins), the flyer velocity will cause a thin incipient

* spalU. As, the flyer velocity was increased so was the width

of the incipient spell until complete separation (spell)

occurred. This was also observed by Blincow and Keller who

found that the incipient spal! zone was wider when the

stress was high enough to cause damage even in regions

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

should be kept in mind that it is not possible to completely

eliminate all boundary effects.

The incipient spall locations were correlated with

each flyer thickness. It was found that as the flyer

thickness was decreased the incipient spall region was
created nearer to the target free surface. A thickness

increase would dictate a region farther from the free

surface. This was as expected and can be seen graphically

on the t - x plane where decreasing 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 near the free surface of the target at

a depth approximately equal to the driver plate thickness

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

driver plate thickness is decreased, the incipient spell

region moves nearer to the free surface.

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

60



GNP, /6-2

thickness. This agrees with Keller and Blincow who found

that the spall region in 6061-T6 aluminum extended from

1/6th to nearly 1/3rd cf the thickness of the target

(Ref 2:261).

S 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 incipient spall, or no

spall. The flyer velocity was plotted as a function of

flyer thickness with damage classification as a parameter.

The spall threshold for each flyer thickness was defined to

be at the point of separation between damage and no damage.

Damage was considered to be both spall and incipient spall

while no damage was no spall. A curve was obtained by

connecting 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 spell threshold

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

V C1 exp (-C2M) (16)
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where C- 3.326.

C2= 0.08505

V -.flyer velocity in =/usec
at the spell threshold

14 = flyer thickness in mils

It would be better to plot pressure versus pulse

duration, but the Mylar Hugonoit equation-of-state is not

completely known; therefore, the spallation threshold data

have been reported as flyer velocity versus flyer thickness.

The Hugonoit of Mylar in the stress range of 3 to 30 kil-

obars has been determined and is considered to be the first

accurate data that I ve been obtained for this materiel

(Ref 20:1). For this study, the Mylar Hugonoit must be

known in the neighborhood of 60 kilobars for a thorough

analysis. Once this requirement has been fulfilled, then,

:the flyer velocity can be converted readily to the initial

* impact stress. This is accomplished grapbically using the

Mylar and 6061-T6 aluminum Hugonoits'using the variables

stress and particle velocity. The initial impact stress is

often used as an experimental reference rather than the

induced tension because the negative equation-of-state of

the material in tension necessary for the calculation 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 Weapons Laboratory to 60 kilobars and above. These

data cover this alloy in both the elastic and plastic

regionF.

The experimental factor which contributes the most

uncertainty is that of determining whether or not the

target spalled (internally or externally) (Ref 15:175).

Keller and Young found that this difficulty accounted for

the scatter in threshold velocity as a 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 important 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 sampl6s 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 various factors. 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-
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sively loaded. Therefore, a direct data comparison was

not feasible since other impact data for the alloy were

obtained under different conditions.

Keller and Blincow conducted an impact threshold study

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

2:261). They used both exploding 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 flyez:pwterials and plate

thickness ratio, the only remaining difference appeared to

be that they performed their investigation in a vacuum.

At 10 mil the spallation threshold obtained in this study

was greater by a factor of two over the spallation thresh-

old obtained by Keller and Blincow. Penning, Young, and

Prindle obtained air gun data with 9.25 mil flyers

impacting 6061-T4 aluminum targets (Ref 21:85). Their

data were in agreement with Keller and Blineow.

Spall Propagation

The mechanism of spa]l formation and propagation in

6061-T6 aluminum was significant. The inclusions were

observed to crack first followed by propagation from inclu-

sion to inclusion until complete spallation resulted.

The microstructure of a material can profoundly

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

experimental investigation was concerned with a structural
64



GNE/?H/68-2

I °

alloy, 6061-T6 aluminum, Which was representative of impure

metals and alloys. The inclusions present in the alloy were

introduced in aluminum to give it strength, but dynamic

loading of the alloy attacked these inclusions in such a

way that the inclusions proved to be the point of vulner-

ability. These inclusions strongly infouenced the pattern

of spelling.

Inspection of various incipient spall specimens

revealed that in some cases only cracking of the inclusions

had occurred and none of the aluminum matrix. Other

specimens indicated that cracks spread 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 has been used to show

that the inclusions in 6061-T6 Al contain large arounts of

iron or silicon with lesser arounts 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 complicated

stress state will be produced in both the inclusion and

matrix when a shock wave interacts with these dissimilar
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materials.

The effect of microstructure on crack initi,#*ion and

propagation in 6061-T6 aluminum has also been performed by

Dr. Barry Butcher of Sandia Corporation (Ref 5:1. He

presented photomic rbrdphs that he believed introduced the

possibility that crack propagation is somewhat influenced

by the inclusions; there seemed to be a greater number of

inclusions in regions where cracks had formed',(Ref 5:4).

He concluded that spall 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 as interfacial contact

between the matrix and the particle is destroyed by shock

wave action (Ref 6:988).

For impure metals and alloys, Moss and Glass found

that cracks were observed, to start at inclusions; the

cracks then propagated through the material wit): simul-

taneous plastic deformation (Ref 19:7). In a paper

presented at a conference, Moss, Glass, and Golaski stated

that microscopic studies indicated that spalls began at

inclusiofis, and the propagation of the spall surface is a

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
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the fatt that the inclusions and the cracks were attacked

by the various etchants used before the grain boundaries

could be located.

Hardness

Recovered targets were examined for changes in hard-

ness and microstructure. No significant change in hardness

was observed, and no phase transitions were observed. Some

of the literature specifys that the hardness of metals and

alloys increases with increasing shock pressure (Ref .:197,

Ref 7:35). An average temperature rise of 3500 was calcu-

lated for the recovered specimens. It can be concluded

that this temperature rise applied for the short periods

of this experimental arrangement would not affect the

hardness.
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VI. Conclusions

A criterion to predict material spallation was estab-

lished for the structural alloy, 6061-T6 aluminum. The

spall threshold in this material was experimentally

measured and can be calculated. The empirical equation that

can be used as a criterion to allow spall predictions for

6061-T6 is

V = Ciexp (-C2M) (16)

where CI 3.326

C= 0.08505
2

V = flyer velocity in mm/usec
at the spall threshold

M = flyer thickness in mils

Besides formulating a spall criterion, an additional

result of significance was reached. The mechanism of

incipient spall formation in 6061-T6 aluminum 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 material,

during the early stages of incipient spall and that seemed

to propagate 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

Aave been researched, it may then be possible to predict

material spallation by a general spell model.

C60
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VII. Reco=mendations

Vacuum.Study

A szaliation threshold investigation should be per-

formed with impact occurring in a vacuum. There should be

two main objeczives in this rec&=ended study; these ob-

jectives are the following: (1) perform an identical

analysis to this thesis study, and (2) determine the

critical flyer thickness where air cushioning ceases to

be a major problem. The first objective should provide a

vacuum spallation threshold that would be relative to the

air spallation threshold; 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 separation distance.

Multiphase Metals

After the above investigation has been completed, re-

search should be directed towards spallation in multiphase

metals. This study has been proposed by Lt. A. I. Blechman

of the Air Force Weapons Laboratory. Reliable 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
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of strain into different phases. Normally, this is re-

lieved by plastic deformation; however, in the time interval

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

acouired 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 Allo 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.

All 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 Assembly

The nomenclature for the exploding foil assembly used

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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TOP BARREL HALF

BOTTOM BARREL HALF

( 'FLYER

ALUMINUM FOIL

COPPER ELECTRODES

BACK- UP BLOCK

Fig. 21. Elements of' A Exploding Foil Assembly
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Appendix 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 Rockwell B. The average grain size

was determined to be ASTM 6 1/2. This indicates that the

average grain diameter is approximately 0.00149 inch and

that there are approximately 48 grains per square inch at

1OOX. There did not appear to be any unusual deformation

characteristics within the control sample.

Sectioning

Recovered 6061-T6 targets were sectioned as depicted

in Fig. 15. The metallurgical specimens were extracted

from the center region of the impacted 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
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discs of 120 grit followed by 180 grit. Fine grinding

was 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 a one micron diamond compound. Finish polishing was

conducted by vibratory polishing techniques using a 0.3

micron alumina slurry. Care had to be taken in polishing

to insure that the harder inclusions were not removed from

the softer base material.

Etching

Micro-constituent etching was accomplished using the

following etchant: 5 ml hydrofluoric acid, 10 ml sulfuric

acid, end 170 ml water. A 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 lOOX. The early stages of

incipient spall usually required a magnification of about

lO00OX. In most cases only polishing and not etching was

satisfactory 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 inulusions.
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Hardness TestinZ

Flanarity-One, P-i, samples that exhibited either

incipient spall or no spall were tested for hardness. A

Knoop Diamond Indentor aid a 0.1 kilogram weight were used

with a Wilson Tukon Micro-hardness Tester. Observations

were -made 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-One 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
0544 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 10 1.56 Incipient Spall
0564 7.5 1.69 No Spall
0570 5 2.48 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 Spall
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
0611 3 2.64 No Spall
0616 10 1.4 No Spall
0617 10 1.46 No Spall
0618 10 1.33 No Spall
0619 10 1.59 Incipient Spall
0620 3 2.84 Incipient Spall
0621 3 2.88 Incipient Spall
0622 3 3.03 Spell
0623 3 2.89 Incipient Spall
0628 5 2.42 Incipient Spell
0642 7.5 1.56 No Spall
0646 7.5 1.68 Incipient Spal
0675 7.5 1.89 Incipient Spall
0676 7.5 2.02 Spall
0b77 7.5 2.01 Spall
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