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ABSTRACT 

(Distribution L~mitAtion Statement No. 2) 

Flat speci!'llfns of 32 mil 6061-To aluminum were dynamically sock loaded by high 

vel"city Mylar flyer plates. A 16 kilojoule capacitor dischfl.rge system .an~ 

exploding foil assemblies were used to accelerate 3, 5, 7.5, and 10 mil Mylar 

flyers at spall threshold velocities between O.~ and 2 mm/usec. The environ­

ment between flyer and target was both normal atmospheric air and vacuum. The 

observed apparent spall threshold and spall depths in air differed significan1tly 

from those obtained in vacuum. The air layer has the effect of reducing the 

amplitude of the induced stress pulse and spreading the 1ho,ck front and/,or 1ta 

pulse duration. The spall threshold data were analyzed and an attempt waa 11ade 

to apply available predictive models. Th~ data beat fi~ the Tuler, et al., 

model, with a stress exponent of 1.8. This condition very closely approxiut.es 

a pure-energy criterion for spallation. 

iii 

... ---·- ---·-



APWL-TR-69-101 

'lbie page intentionally left blank. 

iv 

• 



AFWL-TR-69-101 

• CONTENTS 

Section !!a!. 
I INTRODUCTION 1 

II APPROACH 3 

III THEORETICAL DISCUSSION 7 

Introduction 7 

Strain Rate 7 

Equation of State 0..0 

Failure Criterion !14 

Evaluation of o and V 24 
0 0 

" Pure Impulse ver•u• Energy Compariaon 25 

Approximate .Analyei• 25 

Effect of an M.r Layer 33 

Iv EXPERIMENTAL TECHN[QUE 35 

Flyer Plate Setup :35 

Oats .Reduction 38 

V METALLURGICAL AN.ALY I 44 

VI EXPERIMENTAL REEULTS 48 

Spall Depth Res\.J.ta 48 

Flyer Plate Results 53 

VII CONCLUSIONS AND RECOMMENDATIONS 69 

APPENDIX 71 

RE!FERENCES 77 

DISTRIBUTION 78 

V 

---------- --



Al'WL- , 19-101 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

ZJ. 

22 

ILLUSTRAl'I 

St -w v Int ract~"on 

Initial Co •; Pul 

Typical Ue-Up Plot 

T7picai av nu• At pon Curv 

SS vereua A-Stre • Data 

ll:,r,ot:h tical 

Hypothetical 

~ vere ~ Curv 

~ Vil venue H -l/). 
C'' C p 

Diatanc -Ti• Approximar::ione 

Oro•• euaoniot Approximation 

E~rrtlmental Apparatus 

Curve 

!!leant• of !:.xp1odin& Poil Aaaemb!ly 

J>iags:iaa orf Aaaellt!led !Foi!l Block. 

E~!lodina Poil Ma .. l:, 

Lapact Condition 

Ootg,u~•r Compiil.,aU.on of Shot Data 

Exanq>le• of Planarity 

!ait:iaating Flyer flanard.1ty 

Spalle.d 606!1.-116 1'arget 

Seotioned 6061-T6 targe·t 

Photoaicroarraph of [:nc!l.pient Spall 

Sequence of Meta'lil.urrgical Sectiooi:n& 

vi 

5 

l2 

1 

20 

2 

27 

30 

31 

5 

37 

3V 

38 

39 

43 

45 

46 

46 

47 

• 



Al'WL-TB.-69-101 

ILLUSTRAT S (Cont 'd) 

F1 ur Paae 

23 

24 

25 

26 

27 

28 

29 

0 

31 

32 

133 

!34 

- A s
2 

v u I mpac t V locity 

- R 52 v r u 1 pact V locity 

S2 A, S2 R v rsu Flyer Thickn es 

St r s-ti· 

Str -ti 

Str -ti 

Profile 

Profile 

S mil flyer 

7 . 5 mil Flyex 

-R Profile at s2 , 10 mil Flye1r 

6t - Vacuum Data 

V A •• R ver: u 
C , ' .. Flyer Thi<ikneSB 

R 
Tmax versus V 

C 

A R 
V versus V 

C C 

Experimentall Data from Air En1v!f.ronment 

Experi•ntal Data ft:om Vacuum Envlironment 

vii 

51 

52 

55 

57 

58 

59 

62 

64 

66 

75 

76 



ANL-n-69-101 

Table 

I 

II 

III 

I 

V 

VI 

VII 

VIII 

IX 

X 

XI 

TABLES 

Equaticn-of-Stat Para ten 

Variation of A with o 
0 

Co parlaon of I111Pul • nus En t'IJY Ct'it Tia 

Mylat' Shock V< locity , ·erau Pt' Hut' 

Coapat'iaon of Observed P- PUPF and Approximated Valuu 

Spall Depths 

Criti.cal ¥ locity Value 

Average Spall DepthA 

P-PUFF Re ulu 

P-PUFl' Edit Location venue Spall Diatanc•• 

Exp•rl•atal Impact Data 

viii 

!!.I! 

15 

24 

28 

31 

33 

49 

54 

56 

60 

60 

72 



APWL-TR-69-101 

Tm.ax 

a e 

). 

K 

a 
0 

Kl 

s 1. s2 • s 3 

d 

M 

A C 

H p 

Ht 

p t po 

V, Vo 

£ 
0 . 

£ 

E 

Up 

Co 

PH 

8 

Us 

C, D, S 

Ce 

_______ , ... , 

ABBREVIATIONS AND SYMBOLS 

maximum value of tension at spall plane (spall stress) 

elastic stress, kb 

exponent in failure criterion, dimensionless 

constan t in failure criterion, (kb)A microsec. 

level-off stres s in failure criterion, kb 

(
dyne•) ). 

value of Kin cgs units, cm2 seconds 

distances to lat, middle, and final damage plane, mils 

standard deviation, dimensionless 

mil 
best fit slope relating spall depth to flyer thickness, /mil 

correlation coefficient, dimensionless 

projectile thickness, mils 

target thickness, mils 

density after and before impart , gms / cm3 

cm3 
specific volume after and before impart, / gma 

volume strain, dimensionless 

volume strain rate, sec- 1 

Young's modulus, dynes/cm2 

cm 
particle velocity, /microsec. 

cm 
sound speed, /microsec . 

dynes i. 
pressure along Hugoniot, /cm 

coef. in relation Us• eup + Co, dimensionless 

cm 
shock velocity, /microsec. 

f D 2 + 5 3 dynes / c - , 
coe s. in equation PH• Cu+ u u , m-

cm 
elastic wave velocity, /microsec. 

ix 



AJWL-TR-69-101 

lJ 

X 

t 

A 

ss 

Vo 

ABBREVIATIONS AND SYMBOLS (Cont'd) 

compressibility 

pos i,; 1.on , cm 

"" p - pu 
po dimensionless 

time, seconds 

parameter• K1/A, k,A as defined above, (kb)(usec) 1/A 

sum of squares of devi~tions, dimensionless 

impedence of flyer, tgt. materials, gm/cm2 usec 

constants in equations relating 

( mm /microsec .) (mils) 1 / A 

cm level off velocity, /microsec. 

VA 
C ' 

cm sound speed in flyer, /microsec. 

cm sound speed in target, /microsec. 

SA - SR, (mm/microsec.) {mus}l/A 

X 

V R to H , 
C p 



• 

I 

AFWL-TR-69-101 

SECTION I 

INTRODUCTION 

The use of thin flyer impact experiments to evalute the dynamic strength 

of materials has long been instrumental in providing information on the 

susceptibility of missile systems to nuclear weapon effects. Use of the 

technique requires a thorough un~erstanding of the experimental procedures and 

dynamic material properties. The development of reentry vehicle ~ncimissile 

systems requires long lead times. Mylar shots can be performed in vacuum 

environments quite rapidly. Unfortunately, the latter class of experiments 

has been difficult to understand, because of the cushioning effect of the air 

between the flyer and the target material. This s t udy is an investigation of 

the effect of this air layer. The results and analysis of a recent set of 

experimental data produced with and without an air layer are presented. An 

additional objective of this study is to examine the generality of empirical 

models for the prediction of the dynamic failure response of 6061-T6 aluminum, 

chosen as the target materi al. Mylar was chosen as the flyer material since 

it has a lower shock impedance than the target material, aluminum. With the 

use of a flyer having an impedance lower than the target, a single rectangular 

shock pulse is induced in the target. Also, Mylar can be obtained in thin 

sheets. Flyer thicknesses of 3, 5, 7.5, and 10 mil were used. 

In addition, this report provides the reader with an overall idea of the 

basic theory, equipment, measurement techniques, and analytical tools currently 

available. It presents the results and recommends suggestions for further 

research. 

The section on theoretical jiscussion includes a treatment on mathemat­

ically fitting an empirical equation to the experimental data and deriving 

values for the parameters in that equation. However, the reader should not 

lose sight of the fact that the primary purpose of this study is not to describe 

1 



the •pall behavior of aluminum but rather to see whether or not pul1e power 

experiment, conducted in an air environment can give meaningful and useful 

results. 

'nle shots performed in an air en-v l ronment were based on work from a thesis 

by Captain J. R. Baca (Ref. 1). 
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SECTION II 

APPROACH 

The high-velocity impact by a th in plate produces shock pulse with a very 

fast rise in flat samples of 6O61-T6 aluminum. In this work, the allllinum tar­

gets were impac t ed with high-velocity, thin Mylar flyer plates. When the Mylar 

impacts the aluminum surface, a compressive shock wave is generated at the 

interface by the decrease of flyer particle velo ~ity and the rapid increue in 

target particle velocity. The magnitude of the pressure generated by such sn 

impact is proportional to the flyer velocity and the shock impedances of both 

the flyer and target materials. The stress wave thus generated propagates into 

both flyer and target, away from the impact surfaces. When this shock wave 

reaches the rear or free-surface of the flyer, a relief wave forms. 'fllis relief 

wave then propagates back toward the flyer-target interface. When it arrives 

at the interface, the flyer rebounds away from the target because the interface 

cannot support the tensile stress. A rarefaction wave is formed at the new free 

surface and propi.i.gates toward the rear surface of tht- target. l'he result is the 

fo rnl8 tion of a complete rectangular stress pulse whose duration ia approximately 

twice the transit time of the Mylar flyer. When the front of this ahock pulse 

arrives at the rear free surface of the target, it is reflected and forms a 

rarefaction wave moving toward the target impact surface. As this wave inter­

sects with the relief wave in the compressive shock, a tena le pulse forma If 

this tension is large enough in both amplitude and duration, failure occurs. 

This process of compressive and tensile wave formation and propagation is 

simplified in Figure 1. 

For this effort, failure is described as the creation of voida in a solid 

body by the action of a stress. It can be divided into a sequence of 

a. Crack nucleation 

b. Crack growth 

In ductile failure there is considerable plastic flow before and during crack 

growth. In brittle failure, the mean crack velocity is rapid because very little 

flow occurs before separation. Spallation is fracture by short duration tensile 

3 
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pubes. Incipient spall is considered, in this report, to be the condition in 

11hich voids are just visible at 50x magnification, 606l-T6 has a face-centered 

cubic lattice and does not exhibit brittle-type failure except in cases of 

grain boundary embrittlement. It has been r eported (Ref. 2) that in 606l-T6 Al 

the voids form at inclusion sites, and often show distortion indicative of 

plastic flow within the matrix. The fracture appe rs to be mostly ductile, even 

though the strain rates encountered in plate-slap experiments are very high. 

'11te failure of 606l-T6 aluminum, uBing this procedure, was investigated in 

both air and vacuum environments to see whether or not there is any significant 

advantage in evacuating the experimental chamber. 
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1. IT, ODUCTl 

SECTION III 

THEORETI CAL DI SCUSSION 

Thi • a ction ic: min • the available ell!peri111ental data from ltne &'tr.audpotl.11'.t of 

hook :wav pb eic . I t is quite apparent th&t nc,t enough data exis.t tio warrant 

a t horou hly ,:-1 orou analysis. However , the authors feit 1that tit: wou0.d be 

meaningful to a·tt:empt to apply the basic shock wave equations to the data in the 

at way po■ sible. 'l'he results can be used as guidelines for futui::1a exp:er±mentaO. 

work ~ and to see how ell future results correlate with the pre.diet.ea 11DOdel. 

At present, the AJIWL f acil.it;y htta generated the !Eollow!l.ng .tat.a ~or i1qp.~ottiug 

Mylar on 6O61-l'6 Al: 

• ~ Critical ,velocit,- for apal!l versus fliyer thiakineH of 3..0 • 5 .. 0, 7 .. '5, ,and 

10.0 mil lfllyen on 32 mil tartgete il.11 air. / ' 

b. CKit"~. cal veloci~ for apai!l ver&UB flye:r thiclmess of ~ .. O, 7 5, ,and 10.0 

mil flyeirs on 32 mil tugets ii.in a vacuum 

c. Meuurement,• of average 1•pa!ll depti'b •• a funct!f.on olf flyer ltih:J1dale•• f:or 

both the ati.r and vacuum •hots. 

2 . STRAIN IW."E 

nie typical •treH-1:lime bl.story at the n::1ser-amget ltnrterface fiDr ca ttypical 

flyer pLate experiment is shown in Figure 2. • 'nl·b p-resaure--ti,ne lhiiato-r,- 'WU 

generated by the P-PUFF materia[ fteponse .code (Ref. 3~. For an :e3e1allat1c:111 ,of 

the symbols ueed in th!i.s and al!l riemaln~ng aectil.ons, :llhe 1Dea4er u mdert!ed ltio 

th.e liet of abbreviaitiona and ••ymbol& 11ppead.ng at the begilllnbg ·0£ !!he !!P;Ott 

To estimate the induced s trailrn rate, the magnitude of the ipea1t aomprea•:Lon 

and pulee width are de'termined ftiom a t:~pical 1prr,0file. PiLgu11e i ahowa tbe 

Husoni.ot data in (PH - 1J) space for 6061-116 (!Bef. 4). The J ml wacuma ahot 

requil red a critical velocity !for sparl.3. of apprroxi1118te!ly 1 Ta./ µaec.. According 

to the r esulting prof t!.le a 't tbe fi:1.1rslt mone (P-PUFF uses a ftnit:e-Mlflference 

scheme) !i.T' the 'target, a compreas:Lon pulse of 40 kb magniitwie wu 1)n>ducecl 
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Figure 3. 6061-T-6 Hugoniot 
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with a corresponding time at maximum stress of approximately 0.1 µsec(= 10-7 

second). By extrapolating the curve in Figure 3 it is seen that for this 

pressure the corresponding compression(µ) is approximately 0.05, whereµ is 

dofined by the expression 

p - po Vo - V µ - ___ :;,__ - ---
po Vo 

and po, Vo• dens~ty, specific volume prior to compression 

p, V • density, spe~ific volume following compression. 

The volµme strain is the same asµ so that the volume strain rate, desig­

nated as c, can be approximated as follows: 

£ = µ = O.OSO = 10 5 - 106/sec. 
(Time to peak comp.) 

10
_7 

The typical strain rates thus encountered are extremely high, and only at very 

long pulse widths does the response of the material approach static values. 

3. EQUATION OF STATE 

The rate of crack propagation in a material is often considerably less than 

the rate of stress waves through the material, since crack growth is proportional 

to the acouatic velocity, and shock wave velocity (Us) is related to acoustic 

velocity (Co) by an expression of the form 

Us • 8 Up + Co 

where Up• induced particle velocity, 

8 • material cons •it. 

'lthus it 1a possible for cracks to form in a material without any extensive 

growth during the typically short times in shock experiments. In the limiting 

cue of an infinite number of cracks, then no growth at all would be required 

f ~r spall. 

The situation of minimum growth corresponds to incipient spall, where the 

voids are of characteristically small size. The exact definition of what 

corresponds to incipient spall is completely arbitrary. In this report, 

incipient spall refers to that extent of failure just visible at S0x magnification. 

10 
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Spall is f3ilure caused by the reflection of compression waves aa tenaile 
pulses, which in turn create particle velocities in a direction opposite that of 
the tensile pulse propagation. If a material is impacted completely within the 
elastic range, the corresponding elastic wave velocity is given by 

where E • Young's elastic modulus 

po• initial density 

Ce• elastic wave velocity 

(
E )1/2 

Ce - -po 

The following is derived by application of the Hugonipt_equation for momentum 
conservation: 

a • elaatic ■tress• po Ce Up e 

da 
E • _.!. • C 2 po where£• volume strain dt e 

a• 
Up•-­

poCe 

po J: c.2 & 

po Ce 

For most spall shots, the strains induced are well above the Hugoniot elaatic 
limit (Ref. 5), and a two wave structure is produced. flle strain rates typically 
encountered are of the order of 105 to 106/sec (see preceding section) and the 
yield point of the material increues significantly over the static value. Fig­
ure 4 shows a typical Us-Up plot, and illustrates the fact that for high pr'"J■sures 

the linear relation 

Us• 8 Up+ Co 

is obeyed with the extrapolated value, Co, corresponding approximately to the 

bulk sound speed. In the elaatic region, the linear relation is no longer obeyed. 
The experimentally determined Hugoniot elastic limit for 6061-T6 is about 5.4 kb 
(Ref. 4). The experiments described in this report produced impact stresses of 

11 
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20 kb and higher, significantly in the plastic regime. A condition for Hugoniot 
shots is that uniaxial strain is assumed, so that a comparison with normal ten­
sile data is only possible by utili zing the equations for converting uniaxial 
stress data to uniaxial strain. Thus, for the experiments discussed in this 
report, the material undergoe&· plastic deformation, and since the equation 

Us • e Up ;- Co 

is obeyed for plastic deformation, some alteration of the material properties 
does have a chance to occut before crack formation. 

The equation al ove is particularly well suited for analysis of Hugoniot 
equation-of- state data. An alternate method is to attempt a least-squares fit 
for PH (Hugoniot pressure) as a function ofµ (compression) of the form 

where C, D, Sare material constants. The H~goniot equation fo~ momentum con­
servation for a plastic wave can be written as 

PH• po Up (Co+ 8Up) 

We can use these two expressions to equate PH as a function ofµ using the values 
of Co and 8: 

• .e2...£_o2 µ (µ + 1) 
PH 

(1 + µ (1 - 8)] 2 

Thus, there are two basic ways to characterize the Hugoniot data: 

a. Measurements of Co and 8 to relate PH and µ. 

b. Measurement of PH andµ directly, and finding the C, D, S values from a 
least-squares fit. 

If Co and 6 are known, then one can plot P11 versus µ and do a least-squares 
fit to find C, D, S. 

13 
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For analysis of spall conditions Ruitable equation-of-state information 
must be put into P- PUFF for both the f lyer and target materials. The input 
parameters to P-PUFF relating to material properties are as follows (Ref. 3): 

RHO: Density ( gm/cm3) 

EQSTC, EQSTD, EQSTS: C, D, S coefs. above (dynes/cm2) 

EQSTG*: Gruniesen coefficient (dimensionless) 

EQSTE: Sublimation energy 

EQSTH: (y - 1) for small(;; - 1)where y • ~p 
• V 

YO: Initial yield strength (dynes/cm2 ) 

YADD: Slope of yield strength curve dynes/cm2 

YMU: Compression(~) at elastic limit (dimensionless) 

The values for equation-of-state data for 6061-T6 aluminum are known fairly 
well. The figures shown in Table I are based on data generated by Sandia Corpo­
ration (Ref. 4). The values for Mylar are not nearly so well documented. One 
source of uncertainty lies in the fact that Mylar is obtainable only in thin 
sheet• typically on the order of 0.014 inch. To make Hugoniot measurements, an 
accurate determination of shock transit time is required. With thin samples 
the error introduced into these measurements make.a an accurate Hugoniot deter­
aination difficult. Another source of undertainty in determination of a Hugoniot 
point i• the lack of knowledge of the thermal contribution to induced pressure. 

The Mylar equation of state given in Table I is based on values from Boeing 
Document D2-90099. It was chosen since a preliminary investigation showed that 
it yielded results moat nearly duplicating the response ,,f 6061-T6 aluminum as 
predicted by impacting 6061-T6 aluminum on a target of the same material. 

4. FAILURE CRITERION 

In a shock wave experiment the stress at a point in the material is a func­
tion of both position and time. Since a case of one-dimensional strain is 
aaslllllld, only the X-coordinate is applicable, and the stress, a, can be expressed 
as 

* Defined thermodynamically 

a• a(x,t) 

a• stress 

1 (aP) as V aE V 

14 
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x • coordinate position 

t • time 

nae tl• factor is of particular importance ··.a ductile failure where crack growth 

of relatively slow. 'nle conditions wil l be such that tension is produced over a 

specific time interval. 

F. R. 'luler and B. H. Butcher (Ref. 5) suggest a spall criterion of the form 

). 
(Tmax - ao) 6t • K 

where 

Tmax • maximum spall stress 

,b,,t • p•1lse durat:lion measure at 1/2 Tma" 

>., o 0 , I. are dynaaic material properties 

Two general theories exist for detenaining failure: 

a. Tiae-clependent 

b. TiM-independent 

One fo-ia, a stress gradient appi:ioach, leads to a relatironahip of tbe form 

(llef. 16) 

(
3a)l/2 r.ax • A+ B ax 

where A, B are, again, dynamic aaterial properties. Aa pointed out in an arti­

cle by reaearchera at McDonnell-Douglas Astronautics (ltef. 7), auch streas­

gradlent theoriea are independent of previous history at any given aat,eri.al 

location, and thua do not fully take int,o ac,count the effects of variations in 

pulae shape. 'lbe aechanical plate slap ,experiments dea,cribed in thia report 

produce eaaentially rectangular pulaea, although an ~xaw1natlion of the stresa­

tl• profile 1••rated by the P-PUFF coaputer code indircates a aignificant varia­

tion lrn pulse-width froa peak to zero stresa. I t la ahown in the saae article 

(Ref. 7) that by uti l izing the very general form of tihe failure criterion 

aug ... ted bJ Tuler and Butcher, the strea,s gradient equation correaponda to a 

pure lapulse criteri on at short pulse width• (>. • l). 'ftlls critericm la a 

pbeno-.iological one f ,or predicting incipient spall. 

16 
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In this report no assumption ls made about the v.alue of ). a priort, cand t he 
value ls used which best fits the experimental data. 'Jhua no at~empt la aade to 
correlat,e the data on the basis of pure impulse '(G6t). 

In analyzing the spall data, one technique is to input the m&aaut\ed 1cddcal 
velocities for spall (v,c R) for the vacuum shot■ into P-PUFf' and thua ob,taln tStreu­
time profiles for each Uyer thickness at the zone corre•pond!ng,. u id.oaely u 
possible, to the measured spall dapth, ~2 R (for deacr~ption of ~2 , 1aee Secitlon 
VI-1 on spall depth measurements). 'll'rom the calcl!llations of 1atnas and pulae­
width the dynamic response of the tnc. l.lCd.al under die s ,pecifled 1condltiona can be 
determined. 

In att,empting to analy,ze the spall data the following ,gaunq,ti.Oll!S will be 
made; 

a. The val ue of '111nax corresponds to the critical streaa f;or spall. 

b. The appropr!late pul1■e width ls that me.uured at 1/2 'l.!max. 

I.n terms of these quantities the failur:e criterion can be vd.tten u 

). 
i(Tmax - ao) M: • I. 

A ty1pical plo,t of Tllax veraua At for ,a ,ductile-type reaponse appear• u in 
Figure 5. The three ide11tlfied regions are c:haracteriad.c of aoat ductile 
mated.ab. 'lbe riegl,on af "unpriedictabl e behavi.or" cor,reaponda to very b!l1b 
stresses it very abort pulse width•. It is not at: all cl.rear that ,a aaterlal 
will ,continue to apall under lncteaslngly h!lgher s ,tresaea, approaebhlR lnfiiD.i J . 
at extremely short pulae-wldtha. Since present experiaental capab1litl ~a clo n t.: 
allow production of pulse w!ld~hs less than abou·t 10 nanoaeccda • itMJ• regl,on hu 
not 1:1eally been investigated thot1ou,ghly. Secondly• there 11

• undoub'te41, aaae 
stress l1!vell. at which the atomic bonds split in an equicobealw ..... r. cauaing 
the ,curve t ,o levell. off at a peak stress. In thi• report the curve vlll be 
graphically displayed only down ,to the shortest pulse w~dtb attained. 

The ''knee region" is the portl,on of ,maxima interest. Tbe apall atriea• i• 
still changing quite rapidly with 'puue duration ao ,that a very ■lisht variation 
in pulse wl,dth riesults in a signlfle ant change in 1apall ■treas. 'lbe 1clo••r one 
,gets to the Level-off regicm • the leas dramatic t.hls 1ef fe:ct aeccma•. 

17 
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The "level-off" region is that segment for whl.ch tne ■pall ■t~• beCOIIM 

v eey close to the value of a . mhis factoI .!ls !hard ltlij de.1.leirmine ntmont ct,naad.c 
0 

testa at veey long pulae durations. 

!o dete!l'llline a value of A and K from 'the aata. a lea■t-agua~e• ~yaia ra• 

performed. The orilginal equa:tion _can be rewritten in the follow:11Lg lfona: 

or 

where 

The value• of 'l:'max and 6t have be.en detierm3.illed experif.mentd.liy for the t:h%'ee 

flyer thickneaees , 5 • 7. 5, and 10 mil, in a vacum lby ob taihdng 18:tTea•~lae 

profile•, u.■tng the P-P11.FP rmaterld ru;p.onae code a 1t the me.aund a:1~1Lane of 
the spd.1 ngi.on (~

2 
R.). Por a g1. .. wi value of A t!be bat flit w-alue of A !Le p,,.,_ 

by the e:q,xre■■lon 

and tfbe aum of the equare• of ttbe deviaticn•• SS,, is giiv.en b-, 

!Where tbe .-ubecd,1>t j refer• to a aped.fie flyer thi.clmess. figure 6 tma.a a 
plot of SS ·verau■ A for the experimental vacUU11 data.. The m:lniam ~al-ue of SS 

l i• obtained when ~ • i. 80. The ·vd.ue of K ls calcuil.ated by IC • ~ 'l'be aa17Sia 
for obtahi.111 SS u a function of ). cm be done us.mg tt:he .computer~ri...S vai... 

of !JJmax and At ,only for the vacuum data,. elf.nee the ~roblem of impact ritih an .tr 

cu■hilion cannot be handled wiit:h a one-d!imenslonal code such •• P-PUFP 66 .. 

. AU of tile 1e:Qer!Lment:a!l. daJta in thira ■eriee of iexperiments s,uge■t a d.ue 
of ). f't"om 1. 80 to 2.0.. lbe total airea uncler a ~ical st:~•-•tirad.n ~, 5..8 

1iven approclrmate1.y by 
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ss 
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Figure 6. SS versus ).-Stress Data 
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1/::. CT X (linear o - c approx.) 

and i proportional to th total nergy exp nd d in attaining a material to the 

t naion Tmax. Sine on -di naional train is HWMd, the aubatitution 

e: UpAt 

should b approx.i tely true, and if the conservation of momentum quation 1a 

appli d, the result is 

Tm.ax • Us Up po 

1/2 E Tmax • /2-r2 ax At 
Uapo • constant 

The important aapect of this equation i• the product, t 2aax At, indicatina that 

a crit rion baaed on a critical nergy for failure oua}tt to have a value of 

>. • 2.0, u oppo ed to a value of 1.0 baaed on impulH;. 

If the gen ral failure criterion i8 aaauaed to be 

then criticnl v loci.ty datill can be analyzed on the ■ae buia. Linear theory 

predicts that h critical velocity for apall { Ve 
1 } can be related to the apall 

trees, Tux, by the nlation 

V R 
C 

lthere z, • impedance of fly r material and tr• iapedance of taraet Mterial. 

The repreHntative pulse width should be very nearly equal tt' 

4t 
2 H 
____t 

u' s 

21 
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F 
where u5 • shock speed in the flyer material at the induced stress-level. The 

failure criterion is baaed on the assumption that aa the pulse width gets larger 

the streaa for spall approaches . o limiting value; 

lim Tmax • a 
0 

Th same argwaent applies to the critical velocity for apall; 

R 
lim Ve • Vo 

6t+oo 

ZF + ZT 
where Vo woul d be given u Vo • --- a 

ZF ZT o 

In conaiderina aome coapariaons between shots in air and in vacuum it also 

•• • reaaonable to ... ert that 

which, in ef fe.ct, ••Y• that for thicker fly re, nence, thicker pubes, the 

effect of the air layer should decrease, and the ahota in air should behave aa 

in a ,•ac:uua. 

Rawri.ting the failure crt t rion in t me of V~ and HP givea 

ZF ZT .. R [Hz_] (2H ~-l/). T1la V • F "-'I V + Kl/A ~ 
x • Z, + ZT C ZF + ZT o UF 

' s 

or 

>. 
11

.,,,(z _ +z) 
• F T 

VR • V + ---~..;;.JL------ H -l/ ">.. 

c o z,zr P 

22 
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where 

s -R 

Kl/A(t)-1/A (zr + zT) 

ZF ZT 

It is assumed that the general relation applies to the air shots, except with 

a different value for the coefficient; 

~ • V + S H -i/). 
C o A p 

These equations are of the same form as 

Tmax • a + AH -1/). 
0 p 

and a beat-fit value of). can be obtained the same way u before. 

In this case, however, the analyaia can be done on both the air and vacuum 

data since the dir ctly measurable quantities~. v~. and HP are available from 

experiment. Also, it should be mentioned that the velocity exprea■iona are 

strictly true only if the flyer and target Hugoniota show no curvature for the 

presaurea encountered. '11lis ia not completely true, and tbua the value of). ia 

not going to be exactly the value obtained from ■treas .. aaure•nta. It 1■, 

how ver, a good way to get an estimate from direct ezperiaental quantiti••· 

Again, the data yields values of ). closer to 2.0 than 1.0. 

The condition can alao be impoa d that the li t of ( '{ - V~) ia aero u HP 

approaches infinity, and a least-squares analysis performed (by atepping >. and 

calc•.&lating SS, u before) OT\ the quantity 

( S - S ) H -l/). 
A R p 

which, baaed on the present data, gives a value of). al.moat exactly equal to 2. 

Thia avoids th problem of not knowin11 a value of V beforehand (aee next ••ctlon). 
0 
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5. EVALUATION OF o
0 

and V
0 

flle calculated best-fit value of A depends upon tbe value of a . The same 
0 

bolds true when computing SA and SR' as one has to know an approximate value of 

Vo. 

Before techniques for evaluating a and Vo are des cribed it should be noted 
0 

that the values of). determined by least-squares fitting of velocity and stress 

data were done with o and Vo equal to zero. 'Ibis was done for two reasons: 
0 

a. Too little experimental data exist for a reasonable determination of a 
0 

and Vo, by Mans of extrapolation. 

b. The value of). d111term.ined by the present method does not depend, in a 

aajor way, on the input value of a (or Vo). Table II shows the variation in). 
0 

using th• vacut111 stress data between a • 0.0 and a • 6.0 kb. In this case). 
0 0 

vu evaluated ua i ng pulae width• meuured at one-half of the spall stress, which 

ia th• atandard in thia report. It ia aeen that when the input value of a ia 
0 

varied fro■ aero to 6 kb, there 1• approximately a 15 percent charge in the beat-

fit calculated value of).. 

TABLE 11 

VAllAnClf OP ). WITH a 
0 

1. a • 0.0 kb A• 1.9 
0 

a 
O 

• 6.0 kb ). • l.6 

I change • 15% 

If euf ficient experi•ntal data e:dat at lon1 pul.le width•, then a reaaonable 

••tiaate of a
0 

and Vo could be Md directly fro■ direct Tux venue At or V~ 

(~)veraua Hp curve■• 

24 



AFWL-TR-69-101 

From Figure 7, it is seen that, ideally, an extrapolation of the function to 
the line corresponding to H +~would yield a value of Vo. The same ia true for 
extrapolating Figure 8 to the Y-axis {where HP-l/A + o). Curves baaed on actual 
data will be presented later. 

The amount of data available, however, is ot adequate to obtain a valid 
extrapolation. The conclusion is that Vo is probably small (Vo c .lai/~aec). 
The least-squares values of Vo determined for each independent critical velocity 
data set (cf. Section II on Experimental Results) bear this out to some extent. 

6. PURE IMPULSE VERSUS ENERGY COMPARISCli 

By calculating the appropri1te products it is possible to show that the 
existing data support a criterion of A• 2.0 as o~posed to a value of A• 1.0. 

Table III gives the results of these calculations. 'nle stress-pulse-width 
products are given only for the vacuum shot■, since the values of Tmax and 6t, 
based on P-PUFF results, are known directly only for these shots. It is clear 
that, in all cases, the product using A• 1.0 ha■ a greater standard deviation, 
which is consistent with the fact that the leaat-squares values of A are all 
closer to 2.0. 

7. APPROXIMATE ANALYSIS 

The object in thia section 1a to see how accurately one can approximate 
spall locations, strees amplitudes, and duration■ by aiaple calculation■• To 
perform such an approximate analyaia, certain usumptiona are nece■■ary: 

a. Hugoniot data for flyer and taraet materials are available; or, a■ a 
minimum, flyer Hugoniot data and a bulk aound ■peed and noraal denaity of the 
target are available. 

b. Th~ induced streas pulae ia a aimple, rectanaular, ainale-vaw atructure 
which experience■ insignificant degradation or attenuation prior to taraet 
spallation. 

c. A single hock wave velocity value can be uaed for each atrea■ atate 
and for all d pths of the material. 

The first approximation that can be performed ii that of atreaa duration, 
6 t. 1 t ia assumed that the initial r ct angular • treaa pulae reaaina unchanaed in 
shape•• it propagates and then reflect• from th target r ar free aurface. 
Thu■, the 6t, which correspond■ to the time that the spall depth experience• 
t nsion, is approxiaated as follow•: 

25 
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HYPOTHETICAL 
DATA 

EXTRAPOUTED V0 

Figure 7. Hypothetical ~ versua ~ Curve 
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, 
::,_--- EXTRAPOLATED Vo 

yA 
C 

vf 

.-HYPOTHETICAL • DATA 

-------------------H -1/~ p 

Figure 8. Hypothetical ~' V~ er•u• HP -lf). OUrw 
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R p 

5.10 

7.5 

10.0 

H p 

3.0 

.5.0 

1.S 
10.0 

OOMP.AJU 

~ · 
C 

0.98 

0. ,84 

0.65 

6.1 

TABLE III 

OF IMPULSE VERSUS ENERGY CRITERIA 

2.98 

2.13 

1. 72 

1.48 

AIR SHOTS 

8.94 

10.65 

U.90 

14.80 

VACUUM SHOTS 

VR R 
2 

V1R: H T At 
C p C p aax 

4.90 4.80 2.14 

6.30 5.30 2.89 

6.50 4.20 2.74 

S:fAIIDUD DBVIATI<IIS 

~C2 H . p 

4.9 

28 

v1 H _c__e_ 

0.16 

26.64 

22. 70 

22.20 

21. '90 

1"2 

0.30 

6t 
1111:Jt 

73.8 

87.8 

63 .. 5 
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or 

At .:r 

2H 
_.R. 

u' s 

2'S" 
tat - _.,a_ u t 

Th fir t ratio con ideri on!l.y n er par te r d i 1a baaed upon two tr ailt 
t ime, of a shock wave in the fly r . lh 1econd xpr, -■ion ,con.al ' n1 It 1:i la-
tion hip b tw n patial displa 

veloci ty of a hock wav i.n 'tihe t:ar 

ob r d or calculated. o calculat 

t and its coneapond-1ng 

t. 'lbe spall depth. 1S'2 

,an app1:ioxiaat -S-2 
ratios to yi ld the fol lowing expr s l ion: 

11l • expre lions for appro,ciutions of 6t ,an1 52 1can 

, c an b e th r 

abov 

by the x - t dl r:- in Fi.gun 9. lb a - t dlagraa i■ -a poaitloa-tl• bia orv 
,of hock 1wav • ln both tarpt and flyer aaterials. nae 10--11 lair cue !le 
1shown COIIIIPl' tely wl th tihe inter cttons dirawn for only ith .5- and 7. S-all flrera. 
ni diagonal line re,pre• nt va or 1cbaracteristic linua d are drawn witih 
1lope qual to th reciprocal• of the 11hock. loclti , cor pondln to th 
di'fferent critical flyer loclties .and th dlffetitnt reas le i. , For 
b061-T6 al 1umiaua th re ii o slgntfiican't variation of &:hock velocilty Yi1thll th 
1tri s l ,ev 1 xperien.ced, and t.h a 1c01111on • boclt locilt:y of S.4 _,lJ ec 1can 
b used to draw tar1 t characteriatic l il.! . Bowe r, u hown i!n table I V, th 

l.ar shock wlod.'ty ck!>es dhan e notic ably w!l.th t'h stress levels ea;perienced 
in this study. lllu v&lue c,f 3.'.5, 3.lt. d 3.2 -/ IJS c wer 1u fior t.he '.5-1, 
7. 5-, and 10-aU Mylar fl en, 1:1 apecti l . 'nle re ion (A, , etc.) in th 
:lit - t d!l.a T repre t constant tress s tat & ions A, • D and E are states 
of zero ttit•• · Re !lon 1,. that of c01Dpr s i on d, re ion F that 1of te lon. 
The d pth, S2 ' 

is tha,1t po ltion in t h tar t wh t nsion first occur• in tiM 
and then Temain un r ten ion for he lon t ti Th duirati.o:n o~ tlhe ·ten ion, 

29 



a g 
0 .... 
i-" 

... 
I 

e ' 
~ 
0 - ... 
0. 

~ 

I .... ... 
I 

0 • - u 

► i 
,a: ... 

• a 
. 

0\ 

• ... 
:, • ;;: 

- 4: .. .. 
0 ci 0 .. 

z 

~ 

30 

• 



APWL-l'Jl-'69-1.01 

fl t, i the time the spaU depth is under tension until relieved by a r-...., .. -.., .. 
wave from e i ther the impact or 'rear free surface. Region D 'repreaen u 
tii.on when the flyer rebounds away from the imp c t .interface ,, thm 
target free surface and a relief wave propagating towara the tar t rea If 
s urface. 

TABLE IV 

MYLAR SHOCK VELOCITY VERSUS PRESSUJE 

u (cm/µs ec) Streas {Ith) s 

0.376 
41.2 

0.352 
36.5 

0.346 
33.3 

0.339 29.6 
0.329 27.3 
0.315 

22.1 

The regiona on the x - t diagram correspond to point■ on a a-Up dt..cr• 
shown in Figure 10. Knowledge o f the irnq>act velocil.ey and ■hock i dan o 
flyer and target al.low the ccmatruct!lon of a s 1t~s-velocity 'Plot and • aatma 
approximating stress aap!l.tudea. Points A and B deac:ribe condit • CJDa prior to 
impact; C is the reault of inti.ti.al imp.act,; D is rtbe flyey rebouad:la ; md 
a condition of rarefacU.on interaction, and thus tension. 
values of tension to be equal to thoae value■ of initial COIIIIPNSai 
calculate the stress levels as follows: • 

-R Table V summarizes the values of At,, s2 , and :r obtained fro.a 1 

.. 11[ appro•imate analysis. Pillse duration At* wu detendned from a c.alcula 
depth,, whereas At·•• wa:.. calculated uai 11g ~n observed value of ■pall 
sir.~la calculations an also compared with values derived froa th 
COlll)uter code analysis. 
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TABLE V 

COMPARISO OF OBSERVED, P-PUF'F, AND APPROXIMATED VALUES 

P-PUFF Observed 

H - R 
p ht Tmax S2 

(mils) (vsec) (kb) (mil ) 

5.0 0.062 34.5 9.3 

7.5 0.095 30.4 12.5 

10.0 0.118 23.2 15.6 

* from calculated value of apAl l depth 
** from observed value of s pall depth 

ZT ZF R 
t f r om equation Tmax • z + z Ve 

T F 

8. EFFECT OF AN AIR LAYER 

Approximated 

-R • •• S2 At At 
(mils) ( vaec) (\,18 c) 

7.7 0.072 0.088 

11.9 0.112 0.118 

16.1 0.159 0.146 

Tnlaxt 
(kb) 

35. 7 

30.0 

22.2 

When thin flyer impact experiments are performed with normal atmoapheric 
condi tions, a l ayer or cushion of air of f i ni t e thi ckness i a trapped between 

flyer and target. The conmonly accepted as sumption is that the i nduced shock 

profile is distorted. As a result of the analysis conducted in this report on 
data produced in both air and vacuum environments, certain general facts are 
evident. The first fact is that there is a significant difference in what the 
target experi ences when i mpacted with an air layer as compared to a vacuum 
envir onment. The second conclusion is that it is possible to obtain a reasonable 
estimate of the dynamic material strength of a target by performing impact 
experiments in air alone . 

The effects of an air layer on thin flyer impact experiments can be described 
as follows: 

a. There is no noticeable change in target damage mechanisms between air and 
vacuum inpacted specimens. 

b. Flyer thicknesses in air are equivalent to lar ger values in vacuum envi­
ronments, and they approach each othe r with increasing flyer th i ckness. 
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c. Larger critical velocitie ar . requ i red i n air to cause quivalent 

d in vacuum environments, and thy approach ach other with increa1in1 

flyer thi ltne11. 

d. Por a given fly r thickn a, th spall depth location, u meuured fro 

the rear aurfac are larg r in air than in vacuum and th y approach ach other 

with incr ling fly r thickne 

e . The ind c d I tre•• profile 1a low 

valu •••fly r thickne11 inc eu s. 

ir. a plitude, and approech•• vacu 

'lhreahold data produc d with th effects of an air layer ar useful for 

eatimating th dynamic aerial cons ants (A . k) for a target material. 'l1l 

• ctiona on theory and exper1Mntal results derive and employ the analytic 

expresu.on which relate vacuum experim ntal data on critical v locity, apall 

d pth, and fly r thickne with 1treaa and stress dura t ion. The cOllllOn factor 

of all of theee expreu i one are the material parameters, A and k. Uniqu ly, 

when one fits the air value• of flyer velocity, flyer thicknes , and apall depth 

to the s ... equation form for th vacuum value,, the result yielda e1aentially 

identical value, of A. 'ftle only dietinctions arft the displacemen t conetants 

which account for the distorted stress profile caused by the effects of the air 

layer. Thus, by fitting air-derived values of critical velocity, flyer thick­

nees, and ■pall depth, one can obtain a rea1onable material parameter (A) meu­

ureMnt which can then be applied to etresa and ■ treas duration relationship,. 

The re1ult 1a a useful approxiution of the dynamic strength of a uterial ba1ed 

entirely on impact data produced in an air environ•nt. 

• 
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SECTION IV

EXPERIMENTAL TECHNIQUE

1. FLYER PLATE SET-UP

The experiments were performed In the Pulse Power Laboratory of the Air 
Force Weapons Laboratory. The equipment consisted of a fast discharge capacitor 
bank, vacuum system, electronic diagnostic equipment, and a high-speed camera 
(Figure 11), and has been described in detail in several earlier works (Refs.
8 and 9).

I m-i
• r. I- 9mw

r%

m

Figure 11. Experimental /^paratus
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'lb• ,capacitor b•IL ua•d for thi■ ■ tudy etored a -x1-- of 16,000 joul • 

foi: ■ chara volte• of 125,000 volte. Th bank con■i■t d of fouT 0.5 llicro­

faru capaclton coanected in parallel. Th eneTgy vaa du111P•d into a foil 

u■nl,ly by • nitroa•n ■park. cluulber. '11\ partial H pr ••ur• w • adju.ac d to 

gl th de■ired overvolt•a• at which arcing occurr d and t.h ■ tor d ener was 

tran■ fe1t't'ed to th ·foil. aaeealy. 'Die foil undergo • rapid joule heat1n1 and 

vaporisat on .. n. fl:,•r plate la accelerated by the ex.pending vapor. 

'lb oil 1■ an inugral part of the exploding foll aHe■bly, specially f b­

Ticated for ace le,ratin thin plaatlc flyer platee. In thla ■ tudy, for ace 1-

eratina thin platu of Mylar• a tyee "A" u■eably w • fabricated a■ follo 

A lucit• blo::k (1/2 x 3 x 3 inche■) with a ■hallow groove through the middl 

fora■ the bue of th ••••ably. 'lhla le a back-up block and confines the vapor 

ao that tt expand■ aaaln•t the flyer. Copp r electrodes are glued to this 

~lock with la■ taan 910 adhee ive, .and a very thi.n (0.2511.11) aluminum foil i 

pl~~•d aero•• the electrode■• A ■beet of ither 3-, 5-, 7.5-, or 10-mil Mylar 

ia then alued to the aa■ealy. In thia way, the foil 1a completely enclosed. 

'Dlia •n■ur•• a hialt .. x1 ... tranafer of energy fro• the vaporiling foil to the 

f ly r. A Lucite barrel vith a cent■ . opening correepondi ng to th• deeired 

diMD■lona of the flyer wu finally bonded on top of th• Hylar. Figure• 12 and 

13 ahov the piece■ and end product which conatitute the type "A" foil aaeelllt>ly. 

The caapleted foil uaealy ia placed between the electrode• of the capacito~ 

bank (l'iaun 14), and th• electrode• of the aaaeably are finaly claped to the 

bank tenina,.a. On bank c11,charae, th• expandina aluminua vapor ■hear■ the 

tf1lar and accelerat•• a flyer which ia the exact ■iH of the aperture. Ac l~t.s 

ti••• the entire uaeably break■ under the fore• of the expanding vapor. 

'l'he vacuua experi•nta wen performed in a bell jar which waa puaped down• 

by a coabination rouahina and diffuaion ayatem, to pressure■ between 10-s and 

10-6 - Ha. fl\e air experi•nte were performed without any container, and the 

aaouot, or layer, of air wu held conatant with a flyer-target aeparation of 

2 .O cm. 
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BARREL 

FLYER 

<> ALUMINUM FOIL 

<::) 
0 

COPPER ELECTRODES 

BACK- UP BLOCK 

Figure 12. Elements of Exploding Foil Aaaembly 

BARREL 

ALUMINUM FOIL'-

Figure 13. Diagram of Assembled Foil Block 
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i^ 'W-'

Figure 14. Exploding Ftoil Assembly

2. DATA REDUCTICW

The velocity of the flyer plate was determined by high-speed photographs.
A Beckman and Whitley Model 1«) frsaing camera records the flyer plate before 
impact. The motion of the flyer relative to some fixed point was measured in 
consecutive frames. Figure 15 is representative of this film record. The velo­

city of the flyer is simply its displacement divided by the time interval 
between film frames. These results are then statistically analysed, poor data 
records eliminated, and the average velocity and its variance determl h This 
Is done by simple computer calculations. The difficult aspects of t. re ^tion

are obtaining enou^ information to plan the next experiment, ant. . . . .  the

value of each experiment. To satisfy these requirements, the folltwiut, ....edure 

was used:

a. The framing camera film record was processed and the film exuained to 
determine that impact was planar and that an adequate number of frames were 
available fov velocity determination. If either of these requirements was not 
fulfilled, the experiment was discarded.
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• l+n ap rod.Mt• 1,-i- wlocic, u culati d to deteraine 1 f the d l red 
·v locitJ ad b obtaille4 . a riatl 1n 1died ar e:fflci cy . b diecha 
olt•• d flJ• I' • a r a ffec th• fl7•r ocity. If th n, r loclty v 

outai the l'a of laterut to the. eq, r1 t, o further pro 
xped ... at vu doa.•. 

c. rh• t:ara•t apecilNll u ex.aatn d ei e,r vbually for bvio f ai~ ure or 
o tlcallJ for inci l t f aflur. If tb eJUllli:n ■ ion re aled other th one­
'-'4'1-.... tou l d ..... . th r eulta r i . red. 

cl.. P clll• calcu· • ic of flyer • r-t n and of dia arge par rs w re 
• de. rh• •• r• u d. o calculat e e pretteun-tlae hi■tory and t ,o plan th 
n xt e~ ri• nt. 

Th fl al fora of e ch eJqMarlMnt , rforaetl :Lo a coaputer yield output data 
ah • ·t u ahown i n Jig, ·n 16. 

Of the 195 vacwa experl.Mnta ·perfo~ d, 43 vere diacarded b cau • of inad -
quate flyer w l oclty data. Poi-ty- Cour of th• l aing we re uaed to det rmin 
th ritlcal velocl.ty for lucipieat apal l. 'lbe other data were ell1ainated 
bee■•• 1o f poor iapact planarity of the tute . 'l'he follovin1 cr iteria wer uaed 
to ellldiaate all but the b .. t uta. Tb• fil■ ncorda wttre cl uaified i 11 to four 
aroupe. rtaur• 17 aiw• 1exaapl .. of three of th e groupa. For this s tudy . 
only thoee experl-t• vithla th• planarity l (P-1) cateaory were further eval­
uated. :Sbota euch u P-2, .P-3, and P-4 were excluded froa further analyais . A 
criterion vu clawloped ta quantltatlnlJ e•aluate th• planari·ty of the P-1 
ehot■• An approxiaate U.1111 of flyer arrlval vu calculated froa the film recor'1 
of flyer aotioa juet before lllpact. Since l••• than 1/2 centiaeter of the tar­
get 'a canter wu evaluated for daaaae. oa.ly 1/2 centiaeter of the center of the 
flyer vu used to calculate planarity. 'lbia approxlaate analyaia ia demonstrated 
in Piaun 18. A cloaure tiM was calculated by Muuring the apatial displacement 
and dividing thb by the flyer velocity. Closure tiaea ranged from 100 to over· 
500 nanoaecoa.da. Only thoae ahota that had arrival tiaea leas t'nan 500 nanoseconds 
were used in the flnal analyaia. 'Die aaxiaua cloaure ti• could not be determined 
since only one c-r■ vu uaed. Alao, the actual flyer ed ... an sometimes 
undiatillaulahable froa foll vapor cloud■. 'lberefore, the criterion does not 
eliain.tte all runa with cloaure ti-■ anater than 500 nauoaeconda. It should 
be pointed out that the lnclueion of data havina planarity of type P-2 would not 
have aianificantly alter d the reaults of the type P-1 data. 
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Figure 17. Examples of Planarity
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SECTION V 

METALLURGICAL ANALYSl S 

The impacted 6061-T6 aluminum targets were examined for both spall depth and 
extent of damage. A few targets were substantially overdriven (d~aged exten­
sively), and the resulting damage was visually discernible. Figure 19 is an 
example of this gross degree of spall. and clearly shows the effect of momentum 
being converted into energy to form a spall layer. How~ver , most of the samples 
had only incipient damage for which the presence of spall could be detected only 
by internal metallurgical observation, and these conditions are most suitable to 
study with respect to the deternrl.nation of a failure criterion. These specimens 
were sectioned along a center plane transverse to the loading direction. Figure 
20 is an example of th~ metallurgical sectioning. 

The prepared samples were viewed at 50x magnification. Figure 21 shows a 
view of incipient spall. 

To obtain measurements of spall depth, grid markings were used perpendicular 
to the free surface . each covering 7.87 mils between markings, and the depth from 
the rear surface to the spall area was measured. The error in measuring th~ 
depth ie approximately~ 0,5 mn on the photo, or± 0,5 mil at unit magnification. 

Figure 22 shows such a layout with seven grids indicated. The rear surface 
corresponds to the free surface of the target, which can usually be recognized 
by the direction of curvature. Distances are measured from a refgrence line 
approximating the rear surface with each grid boundary. This is easily done 
since the amount of curvature in each incremental length (7.9 mils) is relatively 
small compared to th_at over the entire 90-mil distsnce covered in the photo. Two 
distances are measured: 

a. s1 , the distance from the rear surface to the first sign of spall region. 

b. s3 , the distance from the rear surface to the last sign of spall. 

If a grid has no observable voids caused by incipient spall, then that grid 
is not involved in the calculation of the average values of s1 and s3 (desig­
nated s1 and s3). These values are calculated by dividing the sum over all of 

• 
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the grids measured by the total number of usable grids. The distance of the mid 
plane, S2, Is calculated by

?2 - 1/2 (Sj + S3)

Figure 19, Spalled 6061-T6 Target
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Figure 20. Sectioned 6061-T6 Target

Figure 21. Photomicrograph of Incipient Spall

46
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SECTION VI 

EXPERIMEMTAL RESULTS 

In this section th results of the meas urements of spall depth and cr i tical 

velocity f~r spal i for the air and vacuum sho t s ar~ presented. Only the av~ragea 

fo r each givtn flyer t hickness are t abulat ed. 

- * It should be ment ioned that the val ues of s1 are included for comparison 

purposes only, since the t ress- time profi les for each flyer th ickness were 

obtained using t he P-PU~F code a t the dis tances s2 *. The critical veloci ty for 

s pall for a gi ven fl yer th ickness is that velocity above which damage is assured, 

and below whi ch no damage results , when examined at SOx magnification . 

l. SPA.LL DEP'm RESULTS 

n ie only damaged shots evaluated for spall depth were those that ha1 good 

planarity upon impact (Pl), thus r~ducing possible effects caused by specimen 

di1tortion. The va!ues of s1 and 53 were averaged tor all shots of a given flyer 

thickness and values of 52 w~re computed. This was done for both the air and 

The results are shown in Table VI (s2 • 1/2 (s1 + s3) vacuum (reference) shots. 

for each shot). 

It was anticipated that the values of s2 may depend on the velocities of each 

individual shot aa well as on the flyer thickness (both stress and time dependence). 

It is possible to relate i 2 only u a funr.tion of Hp for the existing shots once it 

has been shown that 52 does no~ change si~ificantly over the existing velocity 

ranges for o constant H. 
p 

Figu~es 23 and 24 show plots of s
2 

for both air and vacuum aq a fwiction of 

actual impact velocity for each flyer thickness. It is 1een th.at there is not a 

signific nt trend for each flyer thickness, which indicates that the chang~s are 

ju1t experimental variation, not functionally related. 

*Foran explanation of these symbols see preceding section. 
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A. 

B . 

AIR S:IOTS - S 2 

3 . 0 mil 

5 .0 mil 

7 . 5 mil 

10 .0 mil 

3.0 mil 

5 .0 mil 

7.5 mil 

10.0 l ilil 

AIR SHOTS - Sl 

3.0 mil 

5.0 mil 

7.5 mil 

0.0 mil 

3.0 mil 

5.0 mil 

7.5 mil 

10 .0 mil 

s2 

s 2 

s~ 
S2 

TAB LE VI 

SPALL DEPTHS 

• 10 . 33 mil 

• 11. 43 mil 

• 15.12 mil 

• 16 . 62 mil 

range• 8.98 - 11.87 

range • 9.47 - 13.15 

range .. 12.76 - 17.89 

range • 14 . 80 - 19.70 

*M • 1.933 

C • 0 . 950 

s
1 

• 6.98 mil 

i ., 8.83 mil 1 
s 1 • 11.23 mil 

S 1 • 12. 6 7 mil 

mil 

mil 

mil 

mil 

range m 6.62 - 7.23 mil 

range• 7.02 - 11.73 mil 

range• 9.02 - 15.00 mil 

range• 9.84 - 15.43 mil 

M • 1.453 

C • 0.957 

49 

*d • 1. 060 mil 

d • 1.202 m!l 

d • 1.521 mil 

d • 1. 602 mil 

5 shots 

8 s ho ts 

9 shots 

7 shots 

d • 0.237 mil 

d • 1.504 mil 

d • l. 785 mil 

d • 1.821 mil 

5 shots 

8 shots 

9 shots 

7 she ts 
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c. 

D, 

VACUUM SHOTS - 52 

5.0 mil 

7.5 mil 

10.0 mil 

5.0 mil 

7.5 mil 

10.0 mil 

VACUUM SHOTS 

5.0 mil 

7 .5 mil 

10 .O mil 

5 .O mil 

7.5 mil 

10.0 mil 

Sl 

TABLE VI (Cont: 'd) 

S2 • 9 . 3L mil 

s 2 • 12.48 mil 

s2. 15 .63 mil 

range • 8.88 - 9.63 mil 

range • 9.18 - 14 .97 mil 

range • 13.13 - 18. 70 mil 

M • 1.636 

C • 0.994 

s .. 
1 7. 16 mil 

Sl • 10 .07 mil 

s -1 
13.72 mil 

range• 5.91 - 9.61 mil 

range• 7.87 - 12.06 mil 

range• 11.57 - 15.16 mil 

M • 1.380 

C r 0.980 

*Symbols: d • t-' tandard deviation 

d • 0 .290 mil 

d • L408 mil 

d • l. 730 mil 

d • 

d • 

d • 

6 shots 

J.9 shots 

7 sh-:>ts 

1.190 mil 

1.000 mil 

1.082 mil 

11 shot&: 

20 shots 

8 shots 

H • best fit slope of line passing through origin and least squares 

fitting of points on S - H or S1 - H plane 
2 p p 

C • correlation coefficient 

50 
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Figure 23. 
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2. FLYER PLATE RESULTS 

Dire~t experimental results wer 9btained for the critical velocity tor spall 
in both ai1 and vacuum. The- critical\ velocity was defined as the velocity that 
gave observable damage when examined at 50x magnifi cation. In this section the 
following symbols wi ll be used: 

A R V , V • the critical velocities fo~ spall in air and vacuum, respectively, C I.'. 

for a given flyer thickness , mm/µse c 

H • flyer thickness, mils p 

H • target thickness, mils t 

Tmax • magnitude of first tensile pulse produced at apall plane (spall 
stress) 

6t • pulse width of above profile measured at a stress equal to 1/2 
T max 

A, k, o • parameters in failure criterion suggested by Tuler and Butcher at 0 

Sandia Corporation (Ref. 5). This equation relates T and At in the following 
!llaX 

fashion: 

These quantities were derhed on the basir. of stress in kilobars a1'ld pulse dura­
tion in microseconds. For the P-PUFF hydrocode the units are in dyn~s/cm2 and 
seconds, so that when the values of o , K, and A are inserted for spall predic-o 
tions, the value of K must be modified. This new value is designated as Kl. 

Table VII gives the values of critical veloci ty in air and vacuum as a func-
tion of flyer thickness. 

written as 

The general relation of V as a function of H can be C p 

VA• -1/A 
c Vo + SA Hp 
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where SA, SR, V • material c·0nstants. If one does a least-squares fit between 

the quanti cy (v:A - VcR ) for the 5.0 , 7.5, and 10.0 mil flyers as a function of 

Hp, the following values of A and w (w = SA - sR) were found to give the optimum 

fit: 

A = 1.98 

SS • sum of squares of deviations in the least-squares analysis• 3.15Xlo-3 . 

TABLE VII 

CRITICAL VELOCITY VALUES 

Flyer material is Mylar: Target: 32 -·mil 6061T6 Al 

H (mils) V A 
p C 

3.0 

5.0 

7.5 

10.0 

(mm/sec) 

2.98 

2.U 

1.72 

1.48 

V R (mm/sec) 
C 

0.98 

0.84 

0.65 

Table VIII gives the average spall depths versus flyer thickness for the air 

and vacuum shots. Figure 25* shows these results graphically. The values given 
-A - R correspond to s2 and s2 defined as follows: 

-A s2 : nte average location of the mid-plane of the spall region as 

measured from the target rear surface for the air shots. 

-R s2 : The same quantity measured for the shots performed in a vacuum. 

* M • slope 
B • intercept 
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TABLE VIII 

AVERAGE SPALL DEPTHS 

H (mils) - A (mils) - A - R (mils) - R 
p Sl s 2 (mils) Sl s2 (mils) 

3.0 7.0 10 .3 

5.0 8.8 11.4 7.2 9.3 

7.5 11.3 15.1 10.1 12.5 

10.0 12.7 16.6 13.7 15.6 

The values for air are consistently higher than those for vacuum (for a 

discussion on these results and the derivation of ~11 the equations used for the 

experimental analysis, cf. Section III). A least-squares linear fit gives 

-A S2 • 0 .96 H + 7.23 p 

SR• 1.26 H + 3.01 2 p 

These equations are approximately valid, or course, only within the experimentally . 
observed range. If one fits equations of the form, S • M H, then the following 2 p 
best fit slopes M, are obtained. 

Air: 

Vacuum: 

Table IX gives the values of Tmax and 6t as given by the P-PUFF 66 computer 

code using the critical velocities for spall in a vacuum as the flyer velocity 

for each flyer thickness. 

Figures 26 through 28 show the stress-time edits generated by the P-PUFF 

hydrocode. Table X enumerates how closely the spall zone location in P-P~FF 

corresponds with the measured distances. The agreement is well within the 
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TABLE IX 

P-PTJFF RESULTS 

6t@ At@ 

R 
ZP.ro Half 

H (mils) V (m,./lJ&ec) Tux (kb) Stress Tmax 
p C 

5.0 0.98 34.5 0.089 0.063 

7.5 0.89 30.4 0.116 0.095 

10.0 0.65 23.2 0.132 0.118 

TABLE X 

P-PUFF EDIT LOCATION VERSUS ACTUAL SPALL DISTANCES 

5.0 

7.5 

10.0 

9.3 

12.5 

15.6 

Dist in P-PUFF (mils) 

9.1 

12.3 

15.9 

At@ 
Tmax 

I 

0.020 I 

0.051 

0.084 
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experimental error of the depth measurements. (It should be reemphasized that 

these values of s2 are input to the code; once the values of:>., Kl, and a
0 

have 

been input,!"~~ code can then be L~ed to predict spall location.) Th.e zoning 

employed in the P-PUFF runs w.as as follows: 

a. Constant zone size i~ the flyer width• 1.95X10-4 cm. 

b.* A rezone rati~ of :.36 was used for the first zone in the target. This 

was cah .11late<! on the b~sis of equal transit times for this z.011e and the last 

zone iu the flyer. 

c. A rezone ratio of 1.00 was used for the remainder of the target giving 

a zone siz~ of 4.602Xl0-4 cm. 

The values of Tmax and 6t were used to determine best fit values of A and K (Kl) 

by stepping up A in increments of 0.01 and for each value calculating the best 

fit value of A satisfying the equation 

for the data given in Table IX for the vacuum shots. Th.e sum of the squares of 

the deviation.s was then calculated (SS) ;-.nd the value of A chosen "l'as that one 

which yielded a minimum value of SS. Th.e results were 

A • 1.80 

K • 34.9019 

Kl• 5.53158Xl0 11 

ss - 9.31349 

where K was calculated by K • AA. This is in fairly good agreement with the 

value A• 1.98 based on the critical velocity dat~. Figure 29 shows a plot of 

Tmax versus 6t based on the va~uum shots. 

To check each set of velocity data indepe:idently, equations of the form 

VA• V + S H -1/2 
r:. 0 A p 

V R • V + S H -1/2 
C 0 R p 

* Rezone ratio is the ratio of the size of any zone to the one preceding it 
(cf. Ref. 3). 
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were fitted in the least-squares sense to the data sets f ,or the vacuum and atr-
A R 

shots. Figure 30 shc,ws V and V as functions of fl1er thil.ck.ness .. The results 
C C 

of the numerical analysis above will be .is fol l ows: 

Vacuum 

V • -0.11 
0 

S • 2.46 
R 

SS • 2.6062Xl0-3 

Air 

V • -0.41 
0 

SS • 6.81697Xl0-3 

A further analysis was performed by utilizing a value of V • 0 .0 il.n the 
0 

same form of anelysis used before: stepping up the value of A and finding that 

value which gave a minimum 55. Thu•, equations of ·t~,e form 

VA• S ti -l/A. 
c A p 

V R • S H -l/"A 
c R p 

were fitted to each set of critical spall velocity data. The results ,wer,e 

Vacuum Shots 

Three Flyer 'Dllckneasee 

S • 2.4087 
A 

A• 1.82 

SS • 3.02759Xl0-3 

Air Shots 

Four Flyer 'lbickne1Hea 

S • S. ,6617 
A 

"A• 1.69 

ss • 4.50347Xl.0-3 

This routine was followed because only two parameters can adequately be deter­

mined at a t i me. The important factors are that the equ.ational forms fi,t the 

data very well in both cases and that both yield a value of>. closer to 2.0 

than to 1.0. 
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64 

• 



AFWL-TR-69-101 

The values of V calculated bef~rP wPrP less than zero, which obviously has u 
no physical significance. The only conclusion one can come to is that nG ~ enough 
data exist t o obtain a reasonable value of V . 

0 
It can also be concluded, however, 

that the value of V is probably very small (less than 0.1 mm/µsec). If suffi-o 
cient data did exist one could presumably use the extrapolation technique depicted 
in Figure 7 to obtain a reasonable value of V and then input this value ~-tl the 

0 
equations for calculating the best v~lue of A. 

Figure 31 shows a plot of Tmax versus V R based on values from !abb IX. I :". 
c R 

it is assumed that the relation be+-ween T and V can be expressed as max c 

within this pressure range, where Z is a constant, then o can be approximated 
0 

by the expression 

a • Z V 
0 0 

The data give a value of 

Z • 35 .. 6 

Based on the values of V determined by the leas t-squaree method. with ). • 2 .O, 0 

the only probable conclusion i8 that 

or 

V < 0.111111/µaec 
0 

a < (35.6) (0.1) • 3.6 kb 
0 

A R Figure 32 shows a plot of V versus V for t\.:~ 5.0, 7.5, and 10.0 mil C C 
flyen. .Based on the least-squares fits aiready discussed, it is seen tl,at 

VA - V R • 2.56 H -l/2 
C C p 

or 
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VA• V R + 2.56 H - l/2 
C C p 

which means that for a given flyer thickness V A is linearly related to V R. 
C C The corresponding lines are shown plotted on Fi~~re 32. 'ffle line with slope of 

A R llllity corresponds to the limiting case of H ~ m, where V • V . 
p C C 

It seems reasonable to assert that if more spall depth data were available, -R - A the values of s2 and S2 would approach each other as Hp~ m. 
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SECTION VII 

CONCLUSIONS AND RECOHMEHDATIOOS 

Ulere is a emasurable and predictable difference between impact experiments 

performed in air versus vacuum environments. This difference of air layer effect 
reduces the amplitude, and spreads either the shock front or the entire shock 

duration of the stress pulse induced by the impact process. The effect appears 
to diminish as the flyer thickness increases (i.e., shock duration) and as the 

flyer velocity decreases (i.e., shock amplitude). 'ffle resultant analytic expres­
sions for critical velocity for spall and spall depth are 

VA - V R • 2.56 H -l/l 
C C p 

where 

H • flyer thickness p 

VcA, VcR • critical velocity for spall in air and vacuum respectively, 

s2A, s2R • spall depth from re~r surface in air and vacuum respectively. 

It is possible to obtain a reasonable estimate of the dynamic material con­
stants (A. K) for a target material by performing impact experiments in an air 

environment . 

For short-duration impulsive loads, the critical fracture stress was found 
to be a strong function qf the time interval over which the tensile stress 
acted. Over a range of short tensile stress durations, it has been found that 
available data can be correlated by an equation of the form 

For 6061-T6 aluminum and for pulse widths between .06 and .12 mi.::rosecond, 
A• 1.8 and K • 34.9. This fracture model relates to a pure energy criteria in 
contrast to either pure stress or 1.mpulse. 
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Additional work s uggested by the results of this study i ncludes (a) experi­
ments at very short and long pulse durations and (b) collection of sufficient 

data to per111.it valid extrapolations to long pulse widths. 

In addit i on, the fo l lowing comments should be noted: 

AIR LAYER EFFECT 

A first source of weakness in this study may be the lack of actual shock 

profile measurements. If one could compare these actual profiles when an air 

layer was present with these conducted in vacuum, a better understanding and 

prediction capability would be possible. In particular, we recoJ111end futther 

research to determine: (a) What portion of the profile is spread out to yield 

essentially greater spall depths. Is the air effect influencing the shock front 

on the entire stress dura tion? (b) What is the effect of the air column thick­

ness? 

Lastly, the authors recoanend some experiments to verify th~t region of 

large flyer thicknesses which is presently extra olated to predir _ if there is 

no differenc.e in air versus vacuum response. While all of these reco11111endations 
are vast in complexity, time consumption, and cost, APWL is seriously considering 

them in an effort to enhance the s ~ate of the art of plate impact experiments. 

SPALL CRITERIA 

~ch more rigorous and accurate verification and analysis should be made 

of the precise levels and mechanisms of 6061-T6 aluminum spall. Before tnis can 

be accomplished, furthec data arr necessary. 'The authors recomaend a continuation 

of this basic effort to describe failure criteriou. From a theoretical stand­

point, a major drawback of treating the problem of fracture for short-duration 

loads is the difficulty in predicting severity of cracking that can occur by the 

compressive pulse before passage of the damage-inducing tenaila. wave away from 

the damage area. 

If extensive data for both air and vacuum environments is obtaine.d, the 
A R techniques described in Section III for extrapolating V and V data c,uld be 

C C 
accomplished to obtain values for V and a , useful 

0 0 
in relating (Ref . 4) at what 

point a material such as 6061-T6 aluminum no longer exhibits a time-dependent 

behavior. 
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APPENDIX 

COMPLETE LISTING OF IMPACT DATA 

This appendix enumerates the impact data, showing the flyer velocity and 

damage evaluation for each shot. Table XI and the resulting plots (Figures 33 

• and 34) show that the critical v,aloci ty tor spall, V , was determined for each 
C 

flyer thickness in both air and vacuum. 
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TABLE XI 

TABLE OF EXPERIMENTAL DATA 

(Mylar impacting 32 mil 6061-T6 aluminum; planarity -1 shots only) 

Flyer Velocity 
Shot Numb r (nm/µsec) Result 

5 mil Mylar 

0539 

f 
2.42 spall 

0558 2.12 no spoll 
055~ 2.06 no spall 
0570 2.48 spall 
0571 air i.41 spall 
0575 

! 
1.91 no spall 

0586 2.17 spall 
0589 2.36 spall 
0597 2.17 epall 
Ol28 2.42 spall 

0818 

l 
1.29 spall 

0825 2.17 spall 
0837 2.04 spall 
0864 1.19 spall 
0869 0.97 no spall 
0870 vacuum 1.02 spall 
0872 0.98 spall 
0873 1.02 spall 
08i~ 0.88 no spall 
0876 1.11 spall 
100 1.11 spall 
1005 o. 76 no spall 

3 mil Mylar 

0604 .t 3.07 spell 
0611 2.64 no spall 

I. 0620 2.84 spall 
0621 ! 2.88 spall I 

0622 3.03 spall 
0623 2.89 spall 
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Shot Number 

0544 

0560 

0561♦ 

0576 

0578 

0588 

0642 

0646 

0675 

0676 

0677 

0827 

0828 

0842 

0845 

0848 

0886 

0889 

0890 

0893 

0913 

0917 

0919 

0976 

0979 

0983 

1041 

1047 

air 

vacuum 

TABLE XI (Cont'd) 

7.5 mil Myla r 

Flyer Velocity 
(an/µsec) 

1.84 

1.39 

1.69 

1.88 

1.85 

1.62 

1.56 

1.68 

1.89 

2.02 

2.01 

1.72 

1.49 

1.37 

0.99 

1.25 

1.31 

~- 75 

0.81 

1.43 

0.99 

0.81 

o. 83 

1.34 

1.05 

1.00 

0. 76 

0.80 

73 

Result 

spall 

no spall 

no spall 

spall 

spall 

no spall 

no spall 

spall 

spall 

spall 

spall 

spall 

spall 

spall 

spall 

spall 

spall 

no spall 

no spall 

spall 

spall 

no spall 

no spall 

spall 

spall 

spall 

no spall 
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TABLE XI (Cont'd) 

10 .0 mil Mylar 

Flyer Velocity 
Shot Number (rmn/-µsec) Result 

0524 1.42 no spall 

0531 1.86 spall 

0561 1.56 spall 

0579 1.76 spall 

0580 air 1.75 spall 

0583 1.52 spall 

0616 1.48 no spall 

0617 1.46 no epa-1,.l 

0618 1.33 no epall 

0619 1.59 spall 

0840 1.50 spall 

0897 1.12 spall 

0898 0.91 spall 

0900 0.73 spall 

0901 0.65 spall 

0902 0.66 spall 
vacuum 

0927 

I 
0.63 no spal l 

0929 0.65 spall 

0934 0.53 no spall 

0937 ! 0.55 no spall 

0940 0.55 no spall 

0941 0.65 no spall 
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