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HYPFRVELOCITY IMPACT PHENOMENA 

Introduction 

The purpose of this investigation is to study the ^parameters 

governing the failure of thin metal plates under the impact of high- 
'yl'LL JT* *• < * ) 

speed fragment^ special emphasis is placed on the lightweight struc¬ 

tural alloys. The geometrical features of the perforations, together 

with the spatial, mass, and velocity distributions of the ejects pro¬ 

duced in the perforation process, are of immediate interest. Since 

these variables are strongly dependent on the characteristics of the 

impacting projectile as wall as the physical properties of the target 

material, a variety of experimental approaches to the problem are 

clearly evident. In an effort to systematize the approach and the 

sane time gain information that will be of immediate practical value, 

a few select target materials are currently being investigated under 

impact conditions that involve the same projectile geometry but dif¬ 

ferent impact velocities. 

Behind-Target Effects 

Spall Velocity Distribution Data 

An experiment to determine the manner in which the velocities 

of spall fragments are distributed in the velocity spectrum has 

been initiated. The effort has met with some nominal success and, 

although quantitative features of the data sometime lack precision, 

they, along with certain other qualitative features, are of interest. 
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The greater portion of available data are from impacts with the 

Scale II projectiles; limited data from Scale I projectiles a^e also 

available. The projectile velocity was 3.2 km/sec. for both projec¬ 

tile scale sizes and in both cases the target material was 202h-T3 

aluminum. Three different target thicknesses were investigated for 

each projectile size. The discussion deals with the experimental 

set-up and technique, comparison of the velocity distribution for 

different target thickness and fixed projectile size, a comparison 

of the velocity distributions between data from impacts with Scale II 

projectiles and Scale I projectiles, and a comparison of the velocity 

distributions for particles found at different radial distances 

measured from the center of impact. 

The experimental technique for determining velocities and 

assigning velocity intervals to sub-groups of particles in the spall 

envelope involves the use of a Training camera; the equipment used in 

the experimental set-up is shown in figure 1. An explosive projector 

propelis a projectile through a hole in a protective blast plate into 

a target of desired thickness. The envelope of spall from the bottom 

surface of the target plate is directed toward a lucite witness target 

whose top surface has been sprayed with black lacquer. The opaque 

surface is illuminated' by a synchronized exploding wire; lighting 

efficiency is increased by enclosing the target-witness plate and wire 

in a white box. The framing camera views the bottom of the lucite plate 

by means of a 1*5° mirror. The impacting particles perforate the opaque 
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coating and are recorded as exposed spots on the film. The framing 

camera sequence is an accumulative record from which the arrival 

times of the spall particles are determined. A typical framing camera 

sequence is shown in figure 2. 

The particles in the spall envelope can be subdivided into 

velocity intervals defined by the relationships: 

t + nt1 
(n = 0,1,2,*«0 (1) 

Avn ' Vl " vn (2) 

where S B distance between target plate and witness plate; 

t = time necessary for fastest particle to traverse S 

(determined independently by X-ray measurements); 

t* = interframe time; 

n = frame number. 

It should be pointed out that the time t, which is the time required 

for the fas¿est particle to traverse distance S, was determined iron 

a previous investigation of residual fragment velocities for Scale I 

impacts^/ • 

Preliminary results, from a recent study at 3.2 km/sec., of 

residual, fragment velocity for Scale II impacts indicate the appli¬ 

cability of a simple linear scaling law# That is, if the linear 

1/ Quarterly Progress Report No. 2lj, "Fundamentals of Shaped Charges", 

Chapter III, Carnegie Institute of Technology, Contract No. DA- 

36-061- ORD-513, October 31, 1961. 
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dimensions of the projectile are scaled by a factor k, residual frag¬ 

ment velocities will be the same for the model and prototype if the 

target thickness is scaled by the same factor. 

There may perhaps be some question regarding an error introduced 

by this technique due to the assumption that all particles have a 

common temporal origin. On the basis of a consideration of the pro¬ 

jectile perforation time, the time necessary for multiple shock reflec¬ 

tions to occur in the targets, and observationj from framing camera 

records, the best estimate available is that a maximum error of ten 

percent is possible - for relatively thin targets the error is some¬ 

what smaller. 

The various plots, to be presented, take the form -¾ vs v 
N av 

where AN is the difference between the number of particles observed to 

reside in two adjacent frames andAv is the associated velocity in¬ 

terval as determined by equations (l) and (2). The reason for dividing 

AN by/iv is that equations (l) and (2) do not produce a series of 

equal av intervals and av serves as a weighting factor. The normal¬ 

izing factor — , where N is the total number of particles, gives the 

coordinate ¿ AÜ the property of a percentage. Hence, 2l .üü vs v 
N av N av 

is interpreted to mean the relative percentage of the total number of 

spall particles having velocities within a velocity interval whose 

midpoint is v. 

The first data to be presented show -- AIL vs v for spall 
N Av 

envelopes resulting from normal impacts by Scale II, 3.2 km/sec. 
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projectiles into three different target thicknesses of 202l*-T3 

aluminum. The data are plotted in figure 3 and summarized in table 1« 

lhe plot shows three distinct distributions; the distributions tend 

to shift in a direction corresponding to lower velocity values as the 

target thickness increases. The shift is noted for both the maximum 

spall velocity (intercepts with the v axis) and for the maxima of the 

curves (v corresponding to the maximum percentage of the total number) • 

It should be mentioned at this point that each of the fragment distri¬ 

butions contain contributions from different sources; fragment remains, 

target particles carried along with projectile particles, and ”t: ue 

spalln particles resulting from shock interactions at the free surface 

of the target. Needless to say, the identification of these particles 

on a material basis is impossible by this technique. However it was 

hoped, at the onset of this experiment, that the framing camera tech¬ 

nique might distinguish the true spall particles from other material 

if their individual velocity distributions were sufficiently distinct 

(one would obtain multimodal distributions) ; this is apparently not 

the case for the l/6-inch and l/lj-inch thick targets. The data from 

3/8-inch thick targets do have a tendency toward the bimodal form and 
\ 

one would be inclined to consider the rather marginal evidence as 

being not significant were it not for somewhat similar results obtained 

in another set of data. The other set of data are shown in figure U 

and are tabulated in table 2. The experimental conditions are essen¬ 

tially the same for these data except that roughly 80¾ of the total 
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number of particles, having lower penetration capabilities, have been 

trapped in an 8-mil thick aluminum foil placed on the witness target. 

The plot shows ~ vs v for the sèâiie three target thicknesses 

and qualitatively, a comparison between the three thickness groups in 

figure h is similar to that given for figure 3* A comparison of corre¬ 

sponding thicknesses between the two figures rèvèals that a greater* 

proportion of the low velocity particles have been filtered out because 

the maxima of the curves for the l/8 inch and l/h inch targets in 

figure h have been shifted to the right (in a direction corresponding 

to a higher velocity value), This is not particularly noticeable for 

the 3/8 inch targets. The distribution for the 3/8 inch targets how¬ 

ever, continue to show the bimodal form and assuming that the velocity 

distributions for the ‘’true spsll” and projectile remnants are suffi¬ 

ciently distinct, one would associate the left peak with true spall 

and the right peak with projectile remnants and associated target 

material. 

Figure 5 compares the “Scale II“ data from figure 3 with similar 

data obtained from impacts with Scale I projectiles. It is to be 

recalled that the Scale II projectile is a 1/8 inch diameter x 1/8- 

inch long, steel, cylinder having a mass of roughly 200 mg. whereas 

the Scale I projectile is a steel cylinder 1/16 inch diameter x l/l6 

inch long having a mass of roughly 25 milligrams. Both projectile 

velocities were 3»2 km/sec. The target thicknesses for the Scale I 

impacts were 1/16 inch, 1/8 inch, and 3/16 inch as compared to 1/8 
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inch, 1/1( inch, and 3/8 inch for Scale II impacts. Hence, the set 

of target thicknesses for the Scale I impacts have been scaled down 

by a factor of two. The Scale I data are summarised in table 3. The 

three curves on the plot are the Scale II results from figure 3 and 

the data points shown are from, somewhat limited. Scale I results. 

The designation "f11 is the scale factor which is equal to two for 

Scale II data and equal to one for Scale I data. 

The purpose of the comparison is to see if the velocity distri¬ 

butions, obtained from Scale I and Scale II impacts,' compare on a 

scaled target thickness basis rather than on an equal target thick¬ 

ness basis. The former appears to be the more likely basis for com¬ 

parison; e.g., the particular Scale I data points designated by stars 

are for Scale I projectiles impacting 3/16-inch thick targets and ' 

these data points have a tendency to fit the Scale II curve designated 

by -J - 3A6 (f - 2, so these are actually 3/8 inch targets impacted by 

Scale II projectiles). If the velocity distribution curves were com¬ 

parable on an equal target thickness basis, then the stars would be 

required to fit a curve (for which there is no data) that would lie 

between those designated by ¿ « l/8 and |- ■= lA6; this is out of the 

question, and it appears that a comparison on a scaled target thick¬ 

ness basis is the more reasonable assumption. Further evidence in 

favor of comparing curves on a scaled target thickness basis is fur¬ 

nished by the fit between solid circles (Scale I projectiles impacting 

l/16-inch thick targets) and the curve designated by Í = l/i6 (Scale II 



prõjèctiles impactiriR 1/8 inch targets). A possible third comparison, 

the one between data points indicated by crosses and the curve desig¬ 

nated by - = 1/8 does not furnish any information one way or the other. 

The plot suggests that the velocity distributions scale directly with 

the linear dimensions of the projectile only if the target thickness 

is scaled correspondingly. 

A comparison has been made between the velocity distributions 

for spall particles located at various radial distances from the 

center of spall impact. The data are summarized in table h and are 

plotted in figure 6. The plot shows ~ AÜ Yg Y for four different 
N Av 

radial distances from the center of impact; these distances are defined 

by the angular parameter ^ (sometimes referred to as the displacement 

angle). The angle Qi is the angle between a target normal and the 

trajectory of the particle considered. The distributions are from 

Scale II projectiles impacting l/lj-inch thick aluminum 202l|-T3 targets. 

The data have been corrected for differences in path lengths. The 

comparison indicates that, (l) the maxima of the curves are roughly 

similar in that they observed to lie between 600 and 800 m/sec.; i.e., 

there is no definite correlation between the v where the maxima is ob¬ 

served and (2) there is a correlation between the fastest fragment 

in each group (intercept with the v axis) and 0^^ with the velocity of 

the fastest fragment decreasing as Q1 increases. This behavior is 

probably due to the relatively fewer projectile remnants (the projec¬ 

tile remnants, in general, have higher velocities than target spall 

material) that move outward at large dispersion angles. 
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Summary of Behind-Target Effects 

(1) This portion of the report describes a technique for deter¬ 

mining the distribution of spall velocities. The technique makes 

use of a framing camera and the sequence of pictures allows one to 

separate the ‘total number of spall particles into groups having char¬ 

acteristic velocities within a velocity interval v arfi v + av. The 

technique can be used independently or to supplement a technique which 

determines spall velocities in terms of their depth of penetration into 

a calibrated target. 

(2) A comparison of velocity distribution curves for different 

thicknesses of aluminum 202h-T3 targets impacted by Scale II, 3.2 km/sec. 

projectiles, show the expected shift of the curves in the direction of 

lower velocity values as the target thickness is increased. The distri¬ 

bution for relatively thick targets tends to show the bimodal form which 

probably arises from a resolution between the velocities of projectile 

remnants (and/or tareet material driven through the perforation) and 

spallation resulting from shock interactions at the free surface of the 

target. 

(3) A comparison between the velocity distributions obtained from 

tests with two different projectile scale sizes shows that the velocity 

distributions are similar for target thicknesses scaled in the same 

ratio as the projectile dimensions. 

(Ü) A comparison of velocity distributions between groups of 

spall particles striking the witness plate at different radial distances 
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from the center of impact shows that the velocity corresponding to 

the maximum number of spall particles is not significantly different 

between the groups despite the fact that there is a correlation be¬ 

tween the highest fragment velocity in each group and the groups 

radial coordinate. 



Table 

t » 

IM 
N Av 

2.3 

2.8 

9.6 

6uh 

S.h 
2.1 

Notes: 

1‘ " rtnooSiÎUtQ0n-,0fT?5a11 vel0cîtie3 for spall particles pro¬ 
duced by Scale II projectiles impacting aluminum 202Ü-T3 
targets. 

/8 in, 

V 

(m/sec) 

I960 

1310 

900 

320 

290 

200 

t » I/I4 in, 

lAW V 
H Av (m/sec) 

2.1» 1380 

5.8 920 

18.8 390 

6.2 330 

2.0 200 

t - 3/8 in. 

1 AN V 
N Av (m/sec) 

10.3 330 

33.1» ¿»SO 

22.1» JliO 

26.9 21)0 

1».7 170 

(1) t is the thickness of aluminum 202l)-T3 target material 
impacted by Scale II projectiles at normal incidence. 

(2) A N is the number of spall particles having velocities 
in the velocity interval av and V is the midpoint of 
■ .Vi OT. 1%"I * 

(3) N is the total number of spall particles produced for a 
particular target thickness group. 



Table 2, - Distribution of spall velocities for spall particles produced 
by Scale II projectiles impacting aluminum 202h-T3 targets. 
The distribution ic for the 20 percentile group of spall par¬ 
ticles having the highest penetration capabilities 

t » 1/8 in. 

1 AN 
ÏÏ Av X 10** 

V 

(m/sec) 

3.2 

6.Í 

6.5 

5.6 

3.1» 

6.1 

3.3 

2250 

1870 

1520 

12ll0 

980 

780 

630 

t - l/k in. 

(m/sec) 

1».8 

9.7 

10.8 

13.5 

11.2 

luO 

3.3 

ll»6o 

1200 

960 

780 

61j0 

270 

180 

t " 3/8 in. 

i — Tfii» y 
Nûv (m/sec) 

21». 8 ,500 

19.8 lOO 

20.3 3l|0 

13.8 280 

9.1» 230 

15.6 200 

17.2 17C 

36.1 150 

30.9 l!»0 

Notes: (1) t is the thickness of aluminum 2021-T3 target material 
impacted by Scale II, 3.2 km/sec. projectiles at normal 
incidence. 

(2) AN is the number of spall particles having velocities 
in the velocity interval Av and v is the midpoint of 
that interval. 

(3) N is the total number of spall particles produced for a 
particular target thickness group- 



Table 3. - Distribution of spall velocities for spall particles produced 
by Scale I projectiles impacting aluminum 202Í4-T3 targets 

t «= l/l6 in. 

-IAH x ink ç 
Na.v (m/sec) 

1.2 2250 

2.0 I960 

I4.9 1680 

5.5 13140 

9.7 1050 

11.0 800 

t ° 1/8 in. 

!M V loll V 
N ÄV (m/sec) 

3.8 1530 

6.9 II4OO 

8.3 I2I4O 

9.7 1080 

9.6 930 

9.5 760 

17.0 630 

1^ AN .-I, y 
N Av x ^ (m/sec) 

9.1 620 

19.5 510 

26.0 390 

30.6 270 

29.3 200 

Notes: (1) t is the thickness of aluminum 202li-T3 target material 
impacted by Scale II, 3.2 km/sec. projectiles at normal 
incidence. 

(2) AN is the number of spall particles having velocities in 
the velocity interval a. v and v, is the midpoint of that 
interval. 

(3) N is the total number of spall particles produced for a 
particular target thickness group. 
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Fig. 1 The experimental apparatus used for obtaining measurements from which 

the distributions of spall velocities were determined. 



Note: The 4 dots shown are 

reference marks. 

Fig, 2 Typical frames from a framing camera sequence of pictures used to 

determine the distribution of spall velocities. 



3 Velocity spectrum distribution of spall particles, produced by impacts 
with Scale II projectiles into aluminum targets. The plot shows 

essentially the percentage of the total number of spall particles having 

velocities within velocity intervals defined by midrange data points. 



Fig. 4 Plot similar to figure 3 except that only the 20;^ of the total number 
ot spall particles having th0 highest penetration capabilities are 
considered in the distribution in velocity space. 



Fig. 5 The probable scaling relationship of the spall 

for Scale I and Scale II projectiles impacting 
2024-T3 aluminam targets. 

velocity distributions 

three thicknesses of 



Fig. 6 Comparison of the spall velocity distribution for spall at different radial 
distances out from the center of spall impact. The plot shows the relative 
percentage of spall particles residing in various elements of the velocity 
spectrum. * 
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