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Abstract-The dynamic response of thin plates subjected to projectile impact was studied experimentally by 
measuring projectile velocity, permanent deformation, dynamic strain and displacements and by examining the 
growth of plastic deformation and motion of the projectile with a high speed framing camera. Most of the experi- 
mental work was performed with f in. diameter steel projectiles, spherical or cylindro-conical in shape, centrally 
striking a 2024-O aluminum plate, 0.050 in. thick and clamped on a l# in. diameter, at normal velocities ranging 
from 75 to 933 ft/sec. Projectile speeds were chosen so as to produce significant plastic deformation at the lower 
velocities and complete perforation at the higher velocities. The circular boundary of the plastic zone was found 
to propagate away from the point of impact at about 8800 in./sec at all impact velocities. A simplified large deflec- 
tion solution for the final central deflection of a rigid/plastic linearly work-hardening plate showed good agreement 
with the data and correlation between various perforation theories and experimental data was found to improve 
with increasing projectile velocity. 

INTRODUCTION 

THE general problem of the response of structures subjected to dynamic loading, and 
particularly to projectile impact loading, is very complex and analytical solutions are 
usually obtained only for very idealistic simplifications to the problem. When a projectile 
strikes a target both the projectile and target may deform elastically, plastically, break up, 
burn, or even explode depending on the level of impact velocity and such factors as 
projectile and target shapes, target thickness and mechanical properties of the projectile 
and target. At the present time no analytical representation involving all the factors cited 
above can be constructed. Consequently, an effective model incorporating the principal 
mechanisms involved in the region of interest is needed to make the analysis manageable. 
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The present paper is concerned with both theoretical and experimental investigations of the 
response of thin aluminum plates under projectile impact when either large scale deforma- 
tions without perforation are produced or when perforation occurs well beyond the 
ballistic limit. This study represents an extension of previous work of similar nature 
involving elastic collisions and perforation at minimal velocities [I]. 

Considerable effort has been expended in theoretical studies on the dynamic response 
of thin circular plates composed of rigid/plastic or viscoplastic materials, either simply 
supported or clamped, when subjected to impulsive loading over either all or a portion of 
their surfaces [2-61, based solely upon bending effects. Comparison of the experimental 
data with such predictions indicates that the theory grossly overestimates the actual final 
plate deflection, but good correlation was obtained when membrane effects were also 
considered [7]. Analysis of the problem based solely upon membrane theory, such as 
Ref. [S], yields non-linear relations requiring either purely numerical solutions or additional 
simplifying hypotheses to linearize the equations. 

In contrast to blast-loading, theoretical work covering projectile impact on plates is 
rather fragmentary. The elastic impact problem on both an infinite and a clamped circular 
plate was solved for an arbitrarily specified triangular-shaped forcing function concentrated 
at the origin [l]. Good qualitative agreement was noted between experimental impact 
data for the two types of boundary conditions and corresponding theoretical predictions. 

An analysis for the impact of a rigid cylinder on a rigid/perfectly-plastic circular plate 
has been obtained for the somewhat unrealistic condition of constant projectile accelera- 
tion [9], Another study of the transverse impact on such a plate involving a piecewise linear 
yield condition with a single yield hinge led to an acceptable solution only for the case of a 
constant transverse velocity input [lo], where the velocity of propagation of the yield 
hinge was found to be proportional to the square root of the time after impact. A solution 
has also been developed for projectile impact on a clamped viscoplastic plate obeying the 
Mises yield condition that incorporates the dynamic interaction of the projectile and plate, 
the impact force or projectile motion not being specified a priori [ll]. The inherent non- 
linearity in the problem was overcome by a linearization used previously in Ref. [6]. 
A method using these results to obtain the permanent deflection for the case of large 
deflections is given in Ref. [12]. An approximation to the solution of Ref. [Xl] gave good 
correlation with experimental data obtained from impact by 0.454 in. diameter cylindrical 
projectiles on $ in. thick mild steel plates, clamped on a 4 in. diameter, at velocities up to 
1950 ft/sec [13]. 

Perforation phenomena introduces the additional complication of material fracture 
and have been analyzed only under a number of simplifying assumptions. One type of 
approach is based upon a momentum balance and prescribed deformations of the plate in 
the region ofcontact [14]. A quasi-analytical relation for the residual projectile velocity for a 
plug type perforation, assuming a prior knowledge of the minimum perforation velocity, 
has also been obtained by an energy balance. The solution was found to be in good agree- 
ment with experimental results at velocities up to 4000 ft/sec [15]. Perforation at minimal 
velocities up to 380ft/sec of 0.050in. thick, 2024-O aluminum plates by $ and tin. 
diameter cylindr-onical projectiles produced failure by petalling [ 13. Predictions of 
various perforation theories were found to be in poor agreement with these experimental 
data. This was expected, as the assumptions used in these theories, such as constant projec- 
tile velocity and no deformation outside the region of projectile contact, were not even 
approximately satisfied. 
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ANALYTICAL CONSIDERATIONS 

(a) Plastic plate deformation under normal projectile impact 

By assuming a permanent deflection shape, it is possible to calculate the maximum 
central deflection due to normal projectile impact using an analysis for a perfectly-plastic 
plate developed by Duffey [16]. This simplified energy approach is extended here in an 
attempt to include work-hardening effects. The aluminum alloy (2024-o) used in most of the 
experimental work in this investigation is highly work-hardening and results have shown 
strain levels of over 2 per cent at a radius of l-5 in. from the impact point. However, since 
the greatest deformation occurs inside this radius, strain levels on the order of 68 per cent 
or more are undoubtedly attained requiring an account for the large amount of work- 
hardening present. Assuming the usual thin plate, plane stress and symmetry conditions, 
then the total plastic strain energy E, can be written as 

E, = (1) 

where cr and E are stress and strain, and subscripts r, 4 refer to the radial and circum- 
ferential directions, respectively. Utilizing the one-to-one correspondence between stress 
and strain characteristic of the deformation theory of plasticity, assuming E+ E 0, neglecting 
the contribution of the second term in equation (1) and applying the Mises condition 
0; - C,C~ + crs = (ay +a&,)‘, where the flow stress co has been replaced by ((~,,+a&~) to 
approximately account for linear work hardening of the material, gives 

47th R 

E&J = (l-V++2)+ s 
(G,,E, + $a$)r dr. 

() (2) 

In this expression, (TV is the initial yield stress, TV the linear work-hardening parameter, 
v is Poisson’s ratio and 2h and R are the plate thickness and radius, respectively. For the 
large deflections, the radial stretching strain for small radial displacements can be approxi- 
mately written as 

i aw 2 
E,=? g ( I (3) 

where w is plate deflection and r the radial coordinate. Thus, equation (2) gives the approxi- 
mate plastic work done as 

Ep = (I-v+v2)f 
4xh 1( t ny(g)2+i(g)4)rdr. (4) 

If a permanent deflection profile w(r) = w,f(r), is assumed, where w,, is the permanent 
deflection at r = 0, and the loss of kinetic energy of the projectile (AKE),,,, is set equal to 
the plastic energy E,, the result is 

[~oR(~,,)4rdr]w~+~JbX(~,,)2rdr]w~-2(1-~~v2)t(AKE)~~~j = 0. (5) 

This equation can be solved for the permanent central deflection w,, when the deformation 
profile is known or assumed. 
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In the present investigation, a good approximation for the permanent deformation 
profile of the plate subject to projectile impact was empirically found to be 

w(r) = w,e-’ (6) 

where r is the radius in inches from the point of impact. In this case equation (5) becomes 

This result incorporates several major simplifying assumptions and does not pretend 
to be a rigorous solution to the physical problem. However, some of these assumptions 
have been checked by Duffey [16] against the results of a finite-difference type computer 
solution developed for the dynamic response of structures [17]. The contribution of plastic 
energy due to E+ was found to be less than 3 per cent of the initial kinetic energy and a 
term au/& neglected in equation (3), where u is the radial displacement, was evaluated to 
be roughly 15 per cent of E,. As the plate deformation in the present work is considerably 
more localized, it is believed that these approximations will be improved. 

(b) Thin plate perforation 

Results of the present perforation experiments indicated that the primary mode of 
failure in the thin ductile plates occurred by petalling in the case of cylindroconical 
projectiles and by a combination of dishing and plugging in the case of spheres. The 
terminal projectile velocity Vr , in terms of its initial value v, was predicted by Thomsen [l S] 
to be 

4xrih o0 p 
V; = 7/F-- 

m [ 1 y+yf . (8) 

This is based upon a balance involving the change of kinetic energy of the projectile, of 
mass m, the static work of plastic deformation and the effects of transverse motion. 

For a sphere, an analogous derivation involving plate shear yields [15] 

vr = 
[ 1 fi (Vi’-Vf)f (9) 

P 

where V’ is the minimum perforation velocity or ballistic limit and mp is the plug mass. 
For a cylindro-conical projectile, mP = 0 so that equation (9) becomes 

V, = (I/F- Vf)f. (10) 

Use of a momentum balance with an assumed plate deformation pattern yields an 
expression for the terminal velocity of a cylindroconical projectile with half cone angle 0 
given by [14] 

Vf = 
m 

m + 2rcphri sin 0 
K, 

EXPERIMENTAL APPARATUS AND PROCEDURE 

(11) 

The experimental arrangement of the present investigation is similar to that used 
previously for elastic impact and perforation of thin plates [l], but also featured a higher 
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velocity pneumatic gun capable of achieving velocities to 1500 ft/sec and a modern high 
speed framing camera. The Beckman and Whitley model WB-2 high speed framing camera 
records 79 frames of data on 35 mm film at continuously variable framing rates from less 
than 20,000 up to 1 million/set. Illumination for the high speed camera was provided by a 
GE FT-524 (clear) or a GE FT-503 (frosted) xenon flash tube energized from a 100 PF 
capacitor bank charged at 3600 V. The xenon flash tube provides a peak light output of 
over 200 Mlm with a duration of 30&500 psec and was used to produce a shadowgraph 
image. 

The high speed framing camera can provide up to 79 data points of position-time for 
the projectile.. The impact force produced by the contact process can be determined by 
evaluating the deceleration of the projectile, considered to be totally rigid, requiring two 
differentiations of the observed position-time relation for the projectile with all such 
inherent inaccuracies. 

To overcome the drawbacks ofthe usual techniques ofgraphical or numerical differentia- 
tion of experimental data, a method was developed that fitted to the data an appropriate 
analytical function with a number of unknown parameters. The evaluation of these 
quantities permitted the determination of the velocity and deceleration by analytical 
differentiation [19]. 

The resistance strain gages employed to measure dynamic strains in the plate were 
BLH SR-4, types FAP-12-12 and FAB-12-12. The gages were mounted on the impact side 
of the plate to record the maximum (bending plus membrane) radial strains at positions 
13 and 3 in. from the impact point. The gages were used in a potentiometer type circuit 
and calibrated dynamically by observing the voltage change on the oscilloscope caused by 
connecting and disconnecting shunt resistances (2000 to lo6 Cl) in parallel with the strain 
gage through use of a 60 cycle oscillator. Four Bentlyt noncontacting inductance type 
displacement sensors, located on the distal side of the plate (Fig. l), simultaneously measured 
the transverse motion of the plate at radii of 2, 3, 4 and 5 in. from the point of impact. 
These were statically calibrated by noting the signal change at various distances from 
the target produced by the motion of micrometer heads. Perforation or rebound velocities 
of the projectile were determined by an inductance type of velocity gage consisting of 
two coils as reported in Ref. [20]. 

Two Tektronix 565 dual beam oscilloscopes, equipped with type 3Al amplifiers and 
attached cameras, recorded the signals from the strain, displacement and velocity gages 
using a chopping mode operating at a frequency of 200 kHz. One scope also provided a 
delayed signal for triggering the flash tube. 

Except for several selected tests on 4 x 4 ft freely-suspended plates 0.050 in. thick, 
all impacts were performed at the center of 15) in. diameter circular plates clamped in a 
circular frame on a 14; in. diameter by 12 machine bolts (Fig. 1). Windows were provided 
in the name to permit the high speed camera to view the plate profile during impact. 
The windows leave the two short sections of the plate boundary unclamped but this did not 
noticeably affect the symmetry of the data, principally because plastic deformation never 
reached the plate boundary. The target materials consisted of either 2024-O or llOO-H14 
aluminum sheets, O-050 in. thick, or of 18 gage cold rolled steel plates. 

The deformation tests were conducted with $ in. diameter chrome alloy steel spheres and 
the perforation tests with either 4 in. diameter steel spheres or $ in. diameter cylindro- 

7 Manufactured by Bently Corporation, Minden, Nevada. 
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conical steel (drill rod) projectiles with a 60” cone angle and 0.75 in. long. Selected runs were 
also made with $ in. diameter steel spheres and $ in. diameter cylindro-conical steel (drill 
rod) projectiles. 

A quasi-static run was performed in a Tinius Olsen testing machine. A $ in. diameter 
sphere in contact with the plate center was loaded and the load vs. center deflection recorded. 
At various intervals, the plate was unloaded and the permanent deformation at a number 
of positions measured by means of a profilometer [19]. The plate was then reloaded and the 
procedure repeated until failure (fracture) of the plate occurred, 

EXPERIMENTAL RESULTS 

(a) Plate deformation without perjbration 

A summary of the runs for the case of plate impact by a spherical projectile without 
perforation, involving a maximum velocity of 398 ft/sec for aluminum targets is presented 

TABLE 1. SUMMARY OF PLATE DEFORMATION R~JNS 

Run Projectilet Plate1 

Permanent central 
deflection 

(in.) 

AC-I 
AC-2 
AC-3 
AC-4 
AC-5 
AC-6 
AC-7 
AC-S 
AC-9 
AC-10 

AI-1 
AI-2 
Al-3 

SC-1 
SC-2 
SC-3 
SC-4 
SC-5 

SC 307 O-218 
SC -400 0.305 
SC 493 0.394 
SC 80 0.030 
SC 204 0.141 

Reb. 1 a AC, 
Reb. 2 a AC, 
Reb. 3 a AC, 
Reb. 4 a AC, 
Reb. 5 a AC, 
Reb. 6 a AC, 
Reb. 7 a AC, 
Reb. 8 a AC, 
Reb. 9 a AC, 

AC; 
AC, 
AC; 

AC, 
AC, 
AC, 

AI 
AI 
AI 

106 
199 
303 
398 
391 

Static 
549 
172 
303 
205 

219 0.353 
309 0.494 
396 0.645 

75 
110 
176 
199 
200 
246 
301 

- 6.7 
- 3.1 
- 14.6 
- 5.0 
- 64 
-13.3 
- 6.5 
- 15.3 
- 8.6 

0.212 
0.265 
0.313 
0.340 
O-404 
O-523 
0.581 
0.686 

350 
398 

0.174 
0,321 
0.522 
O-675 
0.655 

Fracture 
0.329 

Partial perforation 
0.525 
0.327 

? at in. diameter steel sphere, m = 4.78 x 10-s lb sec’/in. &--$ in. diameter steel 
where. m = 060 x 10-s lb sec’/in. CA in. diameter cylindro-conical steel projectile, 
6&’ cone angle, 0.75 in. long, m = 666 ; lo- ’ lb secz/in~ 

_ 

2 AC,-2024-O aluminum, 14iin. diameter by 0.050in. thick, clamped edge. 
AC,-1100-H14 aluminum, 14$ in. diameter by 0.050 in. thick, clamped edge. Al- 
2024-O aluminum, 4 ft x 4 ft by 0.050 in. thick, freely suspended. SC-cold rolled steel 
plate, 1G in. diameter by 0,048 in. thick (18 pa.), clamped edge. 
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FIG. 1. Circular plate mount #with attached displacement gages. 
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FIG. 2. Enlargement of individual frame illustrating the dynamic plate profile, projectile position 
measurement from fixed reference, and location of circles of initial displacement. Run SC-3, 

63 psec after impact by 4 in. diameter steel sphere, V, = 493 ft/sec. 
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Plug 

Run PC-Z: 

+“dia. spherical steel proj. 
Vi E 682 ft/sec 

V, = 587 ft/sec 

Run PC-I: 

$-“dia. cylindro-conical,stbei 
proj. 

Vi = 497 ft /sec. 

V, = 445 ft /sec.. 

(four pe.taJsJ.. 

Rim PC-5i- 

$” dia. cykn.dro r conical steel 
proj.. 

Vi =-301’f t/See 

Vf = I95 ft/sec- 

(six peta Is) 

FIG. 17. Perforation patterns for. various cases; 2024-O clamped circular plate, 14f in. 
di’ameter x 0.050 in. thick. 
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in Table 1. At r/; = 450 ft/sec the projectile perforated the aluminum plates. The rebound 
velocity was monitored only in a limited number ofcases. The kinetic energy of the projectile 
rebound was found to be less than 1 per cent of the initial value and can thus be neglected 
in an energy balance. No permanent deformation of projectiles was observed in any of the 
tests of the present investigation. 

An enlargement of a typical frame from run SC-3, shown in Fig. 2, illustrates the measure- 
ment of the projectile position from the fixed reference hole and also the dynamic plate 
profile and location of the circle of initial displacement. The radial strain histories at 13 
and 3 in. from the impact point are presented in Fig. 3 for initial velocities of 199, 303 and 
398 ft/sec. The peak strain for I( = 398 ft/sec was not obtained due to gage failure at just 
over 2 per cent strain. The propagation velocity of the peak strain for runs AC-2 and AC-3 
has a value of about 8800 in./sec. The radial strain history at 1) in. under conditions of 
partial perforation by the iin. diameter cylindro-conical projectile is also given for 
comparison, run AC-S. Figure 4 shows the typical displacement histories obtained from the 
3ently gages positioned at 2,3,4 and 5 in. from the point of impact. The 3 in. displacement 
curve repeatedly shows a dip at about 1300 ,nsec attributed to elastic vibrations and the 
5 in. curve peaks out at about the same time. 

Permanent deflection results at positions 0, 5 and 1 in. from the point of impact are 
plotted against impact velocity in Fig. 5, covering the full range of the gun. Permanent 

/, TIME , psec 

FIG. 3. Radial strain histories at 14 and 3 in. from the impact point for plate impact by 3 in. diameter 
steel spheres. 
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.c 

0 

/ / I 

0 200 400 600 800 1000 1200 1400 1603 
I Tlh”!z ,,CD,- 

FIG. 4. Displacement history at 2, 3, 4 and 5 in. stations for impact by a i in. diameter steel sphere, 
run AC-3. 

deflections at the indicated radii increase almost linearly with impact velocity up to per- 
foration at about 400 ft/sec where a sudden decrease occurs. Above this threshold the per- 
manent deflection decreases monotonously with impact velocity. Figure 6 compares 
normalized deflection profiles w/w0 with the empirical relation w/w0 = e-’ for 2024-O 
plates, where w,, is the permanent central deflection, with excellent correspondence indicated 
except in the region of projectile contact. The quasi-static deflection profile of run AC-6 
occurring after unloading from a 700 lb central load is also included. The effect of the 
plate materials, boundary conditions and size of the striking sphere on the permanent 
deformation is shown in Fig. 7, where, as in the sequel, the deflection scale is substantially 
expanded. For 2024-0, the profile for the 14iin. diameter clamped plate is seen to be 

0 100 200 300 400 500 600 700 900 ICC 
IMPACT VELOCITY , ft /set 

FIG. 5. Summary of permanent deflection over entire range of impact velocities for a tin. diameter 
spherical steel projectile. 



Plastic deformation and perforation of thin plates resulting from projectile impact 871 

FIG. 6. Normalized permanent deflection profiles (with e-’ comparison curve) for plate impact by a 
f in. diameter steel sphere at various impact velocities. Symbol A represents approximate profile linear 

center due to projectile shape. 

identical to that for the 4 x 4 ft plate. The permanent deflection for 1 lOO-H14 and mild 
steel is successively more concentrated around the impact point. Impact by a 4 in. diameter 
sphere on a 2024-O plate yields still further localization of the permanent deformation. 

Plate profiles obtained from the framing camera at subsequent times after impact 
are shown in Fig. 8 for run AC-2. The dashed line is the statically measured final plate 
profile and indicates an elastic recovery from the maximum deflection profile. Figure 9 
portrays similar results for twice the impact velocity, F = 397 ft/sec. Figures 8 and 9 
both indicate the outward propagation of the first visible displacement of the plate, here- 
after called a hinge, limited here to a distance of 2 in. from the center by the size of the 
viewing port. A plot of the location of this hinge with time for run AC-2, obtained from 
camera frame profiles as in Fig. 8, is given in Fig. 10. The curve has been extended out 
to 5 in. from displacement gage data similar to Fig. 4 using the arrival time of the initiation 
of gross displacement. The prediction of Ref. [lo], fitted at r = 5 in., is included for com- 

RADIUS FROM IMPACT POINT, III 

FIG. 7. Normalized permanent deformation profiles for the various plate materials used; impact by ) and i in. 
diameter steel spheres. 
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I.50 I25 I.00 0.75 0.50 0.25 0 0.25 050 0.75 I.00 I.25 I.5 
RADIUS FROM IMPACT POINT, In. 

FIG. 8. Dynamic plate profiles at various times after impact by a f in. diameter steel sphere, run AC-2. 

parison as the only transient analytical solution available. The projectile position, velocity 
and force-time relations, evaluated by the least-mean-square procedure presented in 
Ref. [19] using an assumed force-time relation of F(t) = Atze-B’, are given in Fig. 11 for 
run AC-2. 

(b) Plate perforation 

Table 2 provides a summary of the perforation runs with plate plug data from the 
first three tests, all conducted on clamped 14$ in. diameter x 0.050 in. plates of 2024-O 
aluminum alloy and the spherical and cylindro-conical projectiles previously described. 
Figure 12 shows selected frames from the perforation process by a ) in. diameter sphere. 
The plug or cap is formed in the third photograph and separates from the projectile in 
the next picture. The fourth photograph shows complete perforation, defined as the instant 

0.6 

,< 0.5 

g 0.4 

c 
; O3 

,’ 
Lg 0.2 

0.1 

0 
I.50 I.25 I.00 0.75 0.50 0.25 0 0.25 0.50 0.75 I.00 I.25 I.50 

RADIUS FROM IMPACT POINT, in. 

FIG. 9. Dynamic plate profiles at various times after impact by a f in. diameter steel sphere, run AC-5. 
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o tilqh speed comero 

TIME AFTER IMPACT , psec 

FIG. IO. Propagation of first visible dispia~ment to a radius of 5 in. 

when the contact of the projectile produces no further increase in the size of the target 
hole. A similar sequence is shown in Fig. 13. 

The strain records at la and 3 in. for perforation by a *in. diameter sphere and a 
*in. diameter cylindr~onical projectile are shown in Figs. 14 and 15, respectively. 
The propagation velocity of the peak strain in both cases is about 8800 in./sec, the same 
as for plastic impact. The transient displacement records, similar to those shown in Fig. 4, 
for a perforation run with a 3 in. spherical projectile (run K-2) are presented in Fig. 16. 

The plug or cap produced by spherical projectiles and the petals produced by cylindro- 
conical projectiles are illustrated in Fig. 17. Except at minimal perforation veIocities, 
the number of petals formed is four. In run PC-5 a perforation with six petals occurred 
as shown in the third photograph of Fig. 17. 

0 50 lcxl 150 200 250 303 
TIME AFTER IMPACT , psec 

FIG. 11. Projectile position data with fitted curve and resulting velocity and force histories for impact by a 
fin. diameter steel sphere: 139,000 frames/xc, run AC-2. Assumed force-time relation : F(C) = At2e-“. 
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TABLE~.SUMMARYOFPLATE PERFORATION RUNS 

Plate plug (cap) measurements 

Run 
v, “/ No. Mass Diameter 2h d 

Projectilet Platef (ft/sec) (ft/sec) petals (g) (in.) (in.) (in.) 

PC-I a AC, 491 315 0.135 0.326 0.0413 0.093 
PC-2 AC, 682 a 587 0.187 0.378 0.0425 0.110 
PC-3 AC, 933 864 0.269 0.425 0.0427 0.145 
PC-4 : AC, 1289 1016 
PC-5 c AC, 301 195 6 

PC-6 c AC, 391 3025 4 
PC-7 c AC, 497 445 4 

PC-8 c AC, 570 521 4 

A N’ 

PC-9 
: 

AC, 840 803 4 
861 806 4 1 I 

080rn PC-IO AC, I- - 

t af in. diameter steel sphere, m = 4.78 x 10m5 lb sec’/in. 64 in. diameter steel sphere, m = 0.60 x lo-’ 
lb sec’/in. cf in. diameter cylindroxonical steel projectile, 60” cone angle, 0.75 in. long, m = 6.66 x 10m5 
lb sec’/in. d+ in. diameter cylindroxonical steel projectile, 60” cone angle, 0.625 in. long, m = 1.74 x 10m5 
lb sec*/in. 

$ AC,-2024-0 aluminum, 14; in. diameter by 0.050 in. thick, clamped edge. 
$ Final velocity evaluated from high speed camera. 

Transient plate profiles at the various stages of impact and perforation are shown 
in Fig. 18 for run PC-l. The dashed line represents the permanent deflection profile of 
the plate. At 113 psec from impact the cap or plug has separated from the plate, the 
formation of the cap being initiated at 97 psec. 

0 100 200 300 400 500 
I. TIME, psec 

FIG. 14. Radial strain histories at li and 3 in. from the impact point for plates perforated by i in. diameter 
spherical steel projectiles. 
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FIG. 15. Radial strain histories at 14 and 3 in. from the impact point for plates perforated by f in. diameter 
cyhndroxonical projectiles. 

Figure 19 portrays the projectile position, velocity and force-time curves evaluated 
by the least-mean-square fit to camera data obtained during a typical perforation run 
involving a iin. diameter sphere. Corresponding results from the perforation by a )in. 
diameter cylindroconical projectile are given in Fig. 20. In both cases, the assumed 
force-time relation was taken to be F(t) = Ae-Btsin2 t. The peak force developed in these 
two runs was about 1500 lb and about 540 lb, respectively. These compare to a value 
of 1500 lb for the static removal of a ) in. diameter plug in a material with a shear strength 
of 19,000 psi, representative of 2024-O aluminum. 
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PK. 16. Displacement history at 2,3,4 and 5 in. stations for perforation by a + in. diameter steel sphere, 
run PC-2. 
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FIG. 18. Plate profiles at various times after impact for perforation by a $in. diameter steel sphere, 
run PC-I. 

DISCUSSION 

Plastic impact 

The strain records in Fig. 3 from stations on the impact side exhibit a large amount 
of attenuation and dispersion with a fast tensile rise to a peak value and then a reduction 
to a plateau which is approximately the permanent radial strain at that location. As both 
membrane and radial bending strains are tensile on the impact side, the gages provide 
a record of the absolute m~imum strains reached at the 14 and 3 in. locations. The 
early elastic motion occurring before arrival of the principal transient is similar in nature 

b: 
q .c 
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FIG. 19. Projectile position data with fitted curve and resulting velocity and force histories for perforation 
by a $ in. diameter steel sphere; 123,000 frames/set, run PC-l. Assumed force-time relation: F(t) = 

Ae-” sin’t. 
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FIG. 20. Projectile position data with fitted curve and resulting velocity and force histories for perforation 
by a ) in. diameter cylindro-conical projectile; 203,000 frames/set, run PC-5. Assumed force-time 

relation : F(t) = Ae-” sin?. 

to the entire strain history observed in purely elastic impact El]. The amplitudes of both 
of these elastic disturbances is one order of magnitude smaller than the peak plastic 
strain. The average propagation velocity of the strain peaks between the li and 3 in. 
stations of 8800 in./sec is more than an order of magnitude slower than that of elastic 
waves in such plates. Although the amplitudes are an order of magnitude larger, the 
shapes of the displacement records shown in Fig. 4 are quite similar to those given in 
Ref. [l]. In both cases small amplitude displacements of the plate were observed before 
initiation of the large motion in the direction of impact. 

The high degree of work-hardening and ductility of 2024-O aluminum facilitate the 
absorption of energy over a greater region relative to the other materials, as illustrated 
in Fig. 7. However, when the impact velocity is sufficiently high, the energy cannot be 
dissipated fast enough through the spreading of plastic deformation and fracture of a 
plug occurs. The 1100-2114 aluminum plate cannot absorb as much energy without 
perforation as the 2024-O plate because it is less ductile and does not work-harden, even 
though the yield stress of 1 lOO-H14 of about 17,000 psi is significantly greater than the 
value of about 12,000 psi for 2024-O aluminum. The almost identical terminal profiles of the 
2024-O clamped and freely suspended plates indicate that the plastic deformation never 
propagates out to the clamped boundary and that reflection of faster elastic waves to 
the plastic boundary have little or no effect. In the present tests, plastic deformation did 
not p’ropagate to the plate boundary. However, other experimental investigations have 
shown wide-spread plastic deformation in the target [13,21-231. 

The results for the hinge position shown in Fig. 10 indicate a nearly constant velocity 
of propagation of 8800 in./sec out to a radius of 3 in. with a subsequent progressive reduc- 
tion to a value of about 4700 in./sec at I = 5 in. These data are in quantitative disagreement 
with the predictions of Ref. [lo], matched at the outmost observations station; this is 
undoubtedly due to the experimental deviations from the point impact conditions and 
ideal material behavior hypothesized. Using high speed photography, Munday and 
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Newitt [23] measured the propagation velocity of a plastic hinge in studies on blast loaded 
copper disks of 4 in. diameter and 0.002 in. thick, and also found a faster hinge propagation 
near the center. In this case, the plastic hinge formed at the clamped edge and propagated 
inward to the plate center with a velocity varying from 300 in./sec near the edge to about 
7000 in./sec at the center. The evaluation of projectile position, velocity and force entails 
the mathematical fitting to the high speed camera data of a doubly integrated assumed 
force function selected by considering the physical conditions of the problem and the 
available experimental and theoretical results. The assumed force relation stipulated 
for this case, F(t) = At2e- , Bt leads to a position-time equation that, considering experi- 
mental scatter, is in excellent accord with the camera data as shown in Fig. 11. The above 
expression is similar to that found experimentally for elastic impacts but differs signi- 
ficantly from results for the minimal perforation condition of Ref. [l] due to the failure 
to enforce certain initial conditions in the latter work. The peak force occurs early in the 
impact process, less than 100 psec after impact, and the velocity curve starts at the correct 
initial value. 

In this plastic impact case, the fitting procedure is not completely satisfactory in that 
the final projectile velocity cannot be established accurately due to lighting and camera 
limitations. Thus, the impulse-momentum law that represents one of the constraints 
of the data reduction process cannot be enforced exactly as is the case for the perforation 
runs, although the final results are quite satisfactory. 

A comparison of the permanent deformation under static and transient load, shown 
in Fig. 6, indicates that the static profile is not nearly so localized, with significant deflec- 
tions out to the clamped edge. The plastic energy absorbed in this case for a central loading 
of 700 lb was 152 in. lb which is slightly less than half of the 316 in. lb absorbed in run AC-3 
that produced the same final central deflection of 0.52 in. 

The permanent central deflection predicted by equation (7) is compared with experi- 
mental results in Fig. 21 and shows good correspondence for the assumed plate profile 
given by equation (6). A small correction has been used to account for the deviation from 
e -’ of the plate profile in the projectile contact area (see A in Fig. 6). The large amount 
of work-hardening present in 2024-O aluminum requires its incorporation in the analysis, 
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FIG. 21. Comparison of permanent deflection theory with experimental results for impact by a fin. 
diameter steel sphere. 
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since strains of the order of 5 per cent or more are expected to exist in the region of impact. 
Stress-strain data for the plate materials showed that the stress level at 5 per cent strain 
is about 2.5 times the initial yield stress of 12,900 psi. As a number of simplifying assump- 
tions have been used in the development of equation (7), it is possible that the good agree- 
ment with experiment could be due, in part, to a possible cancelling effect of these assump- 
tions. 

Perforation 

Perforation of 2024-O aluminum plates by spherical projectiles removes a cap, with 
dimensions given in Table 2, that has the shape of a segment of a spherical shell con- 
forming to the surface of the striker. The top photograph in Fig. 17 clearly shows the 
effects of sphere perforation with some dishing and local plastic deformation apparent 
near the impact point. 

The process of perforation of a thin aluminum plate by a iin. diameter cylindro- 
conical projectile, illustrated in Fig. 13, shows eventual plate fracture along radial direc- 
tions with an accompanying formation of petals. These radial fractures, as with the fractures 
of the plug for spherical projectiles, generally show a break at about 45” to the surface 
indicating a shearing type failure. An extension of r/; by a factor of over three relative to 
the previous study [I] is not sufficient to change thebasic petalling mode of perforation. 

Perforation by the ) in. sphere and the 4 in. cylindroconical projectile shows a general 
trend of decreasing momentum loss with increasing impact velocity. As would be expected, 
the loss in momentum and in kinetic energy for the sphere is considerably greater than 
that for the cylindroconical projectile at the same initial velocity due to the much larger 
plastic deformation produced. 

The radial strain histories for perforation by a sphere presented in Fig. 14 show a 
form similar to the plastic impact case, Fig. 3, except that peak strains decrease here with 
increasing projectile velocity. Though unloading disturbances apparently reach the 
3 in. stations in runs PC-2 and PC-3 before the peak strain, the velocity of propagation 
of the peak strains also appears to be about 8800 in./sec, at least out to 3 in. from the point 
of impact. The peak strains at r = 13 in. for the pointed projectile, Fig. 15, differ from pre- 
vious results in being about the same for the three impact velocities even though the 
final permanent strain plateaus are not. However, the propagation velocity, assumed to 
be uniform between the l$ and 3 in. stations, is still about 8800 in./sec. The dynamic 
displacement history at the 2, 3,4 and 5 in. stations for the two projectiles, shown for the 
sphere in Fig 16, indicates essentially the same shape as that obtained for the plastic 
impact case. The dynamic plate profile shown in Fig. 18 is analogous to that depicting 
the formation and rising of a petal due to perforation by the cylindroconical projectile [l]. 

The velocity drop data for the i in. spherical projectile are compared with the theoretical 
result for a shear plug model, equation (9), in Fig. 22 for an assumed minimum perforation 
velocity V, of 410 ft/sec. Though overpredicting AK the curve does follow the same general 
trend as the data. The results for perforation by the 3 in. conical projectile are shown in 
Fig. 23 with the experimental results of Ref. [l] included. In this case, equation (10) with a 
realistic value of V, = 240 ft/sec, correlates well with the experimental data. However, 
the value of L” is experimentally determined so the result is not purely analytical. The 
predictions of equation (8), and of equation (ll), differ significantly from the data at low 
impact velocities but become more reasonable as the velocity is increased. 
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The complicated mechanism of perforation at low velocities requires a large number 
of simplifications for the construction of a suitable perforation theory resulting in a 
poor correspondence with experimental results, as was also found in Ref. El]. This inability 
to adequately specify the motion of the plastic region near the point of impact leads to 
the failure of the various theories to describe the phenomena at low perforation velocities. 
As the impact velocity is increased, the extent of the plastic region decreases, and the 
theoretical results become more accurate. 

Equation (9) t4=410ft/%?c 1 
0 Expenmental results 

Ool 
IMPACT VELOCITY , ftisec 

FIG. 22. Experimental velocity drop and comparison with theory for perforation by a i in. diameter steel 
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FIG. 23. Experimental velocity drop and comparison with theory for perforation 
cylindro-conical steel projectile. 

by a fin. diameter 
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ABcrpatrr-nccnenyerca 3KCncpMMeHTaJIbHO AHHaMH’IcCKOe aO3AeiiCTase TOHKWX IUIaCTIIHOK, IIOnBep- 

XeHHbIX yfiapy CHapSIJ,a,oyTeM H3MepeHAflCKOpOC-rll CHapnRa,nOCTOflHHOfi J,e+OpMaL(HH, AOHaMUYeCKOti 
ne4opMaqaa u nepeMemeHw8, a TaKKe ilcnbITbmaa pot-r nnacTssecKo8 qe4opMaum.I H AmimeHne cHapaQa 
C IIOMOIIIbHJ 6bICTpO~eiiCTBytOulefi KaupOBOfi KaMepbI. bOJIbmHHCTB0 3cnepHMeHTaJTbHOfi pa6OTbI BbUIOn- 
HeHO Ha IIOnyAIOiiMbIX CTanbHbIX CHapnJJaX, C+epeWCKOti Mnll UWIHH~pHYeCKO-KOH,WCKOfi ,$OpMbI, 
nonaflaH3max ueHrpeYecKs B nnacTHHKy ~3 annIoMAHHR 2024-0, TOnUHHbl 0,050 nokMa; nnaCTHHKa 

3awehmeHa no o~pyxc~oc~u AuaMerpa 14 l/4 AIOPMOB. CKOPOCTH CHapnoB Kone6amTca B npenenax OT 

75 no 933 +yT/CeK. %K CKOpOCTH BbI6paHbI TaKAM cnoco6orq YT06bI IIOny'IWTb 3HaYMTenbHbIe IlnaCTH- 

'ieCKSie~e~OpMaIJHwaIIpL4HAJKAXCKOpOCTRXH IIOJlHbliiCKB03HOk npo6oiinplr BbiCLUCrXCKOPOCTRX.OKa3bI- 

BaeTca STO rpaaaqa nnacrarecKok 30HbI no oKpyre pacnpocrpaHseTcs 0T TonKH ynapa co cKopocTbm oKon 
8800 AEOoZiMa/CeK npH Bcex CKO~OCTSIX~~~~~~. YnpOIqeHHOe peIIIeHlienp&i6OnbuIbIX nporH6ax, KacaloqHecn 

OCTaTOgHOrO IJeHTpanbHOrO nporn6a ~eCTKO-IUlaCTA'IKCKAX IlnaCTHHOK C nHHetiHb1M yllpOYHeH&ieM, 

yKa3bIBaeT Ha HaAJleXCaIIJyIO CXOAIIMOCTb C AaHHbIMH II KOpenSlLWO MeXQy pa3HblMII TeOpW3MES npo6on. 
OKasbmaeTcn YTo sKcnep5iMetiTanbHble pe3ynbTalbl ~BnffmTc~nywmiM~ npa poclec~opo~m csapnna. 


