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S u m m a o - - A n  experimental investigation into the effects due to tumbling of 12.7 mm diameter, 
hard-steel, blunt-faced cylindrical projectiles with an LID ratio of 3 on the impact response of thin and 
moderately thick aluminum targets was performed. Projectiles were fired from a powder gun and 
tumbling motion was induced by a special generator. A high speed camera was employed to obtain 
data for the impact phenomena. Deformation patterns, failure phenomena and crater lengths of the 
targets as well as the final velocities and trajectories of the projectiles were correlated with initial 
kinematic information, such as the initial translational velocity, impact angle (or yaw angle with 
a zero oblique angle), oblique angle of the projectiles, and plate thickness which ranged from 4.8 to 
12.7 mm. The range of velocities and impact angles was 300-600 m/s and 0-50 °, respectively. It was 
found that the impact angle plays a major role in the penetration process. The impact angle can reduce 
the penetration capability and change the trajectory of the projectile substantially. Impact at an angle 
above 50' has almost the same effect as side-on impact at an impact angle of 90 ° for the ranges of 
velocity s.nd target thickness presently investigated. Predictions from an analytical and a numerical 
model are presented in a companion paper. 

mp projectile mass 
m z plug mass; 
vbt ballistic velocity in normal impact 
v velocity of the projectile 
a yaw angle, 
fl oblique alagle 
0 impact arLgle 
co rotational speed of the projectile 

Subscripts 

f final 
0 initial 

NOTATION 

INTRODUCTION 

Most of the previous investigations in penetration mechanics have been concerned with 
normal impact of projectiles on stationary targets, where the velocity vector of the projectile 
is parallel to !its axis of symmetry and normal to the plane of the target at the point of contact. 
From a practical point of view, however, impact may occur in many other ways such as 
yawing (sometimes called pitching) or oblique impact or both. Figure 1 shows several typical 
impact conditions frequently encountered in practice. It may be noted that the tumbling 
impact incorporates both yawing and oblique motion as well as an angular motion about an 
axis through the center of mass orthogonal to the longitudinal axis of the projectile. Here, 
only planar motion is considered. Nomenclature defining the geometric and kinematic 
parameters present in impacts involving tumbling is shown in Fig. 2. The attitude, or yaw, of 
a cylindrical projectile can be completely described by a single parameter, ~, referred to as 
TOTAL YAW [1]. Total yaw is defined as the angle from the velocity vector of the 
projectile's center of mass to the longitudinal axis of the projectile. Total yaw is usually 
determined from two orthogonal attitude components measured in a ballistic range, called 
pitch if in the vertical plane, and yaw if in the horizontal plane. Total yaw shall be referred to 
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Fig. 1. Typical impact conditions for a cylindrical projectile. 

herein simply as YAW [1]. The OBLIQUE angle, fl, is the angle from the target normal to 
the velocity vector. The IMPACT angle, 0, is the angle from the target normal to the 
projectile axis. Obviously, the impact angle will be equal to the yaw angle when the oblique 
angle is zero. 

The importance of tumbling impact lies in wide applications in both the military and 
civilian areas. Explosively-launched rods tumble and strike targets with a wide range of yaw 
angles. Tumbling impacts may come from failure of high-speed rotors or high-speed rotating 
blades in any type of machinery such as an aircraft engine. The impact angle (or yaw angle 
with a zero oblique angle) due to tumbling can markedly reduce the penetration capability of 
the strikers. On the other hand, tumbling impact can cause larger crater sizes once 
perforations occur and thus may cause more damage than normal perforations in many 
situations. The complexity of the problem has restricted research in this area. Even though 
limited experimental and analytical investigations have been performed for yaw impacts such 
as [2-7] and yaw motions [8, 9], and tumbling has been reproducibly generated [10, 11], 
there is no systematic examination of the mechanics of perforation of target plates for 
a projectile with both translational and rotational velocity, nor a comparison with the 
damage generated when the projectile strikes with only translational velocity. The intent of 
the present investigation is to fill these gaps in the presently available experimental data base. 
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Fig. 2. Nomenclature relating to impact by a tumbling cylindrical projectile on plates. 

In order to achieve repeatable, controlled rotational speeds and trajectories (yaw angle, 
oblique angle and translational velocity) of an initially translating high velocity blunt-faced 
projectile, an experimental setup is designed and implemented. However, the main task of the 
investigation is to systematically examine the phenomena which occur during tumbling 
impacts again,;t stationary thin and moderately thick targets. The experimental results will 
create a data matrix from which an insight into the nature of the physical process can be 
obtained, and statistical or empirical relations between some characteristic quantities of the 
process can be derived, such as the relations of final velocities, trajectories and crater sizes vs 
initial velocities, impact angles, and oblique angles as well as thickness and materials of the 
target. A companion paper compares these results to analytical and numerical predictions. 

EXPERIMENTAL SETUP 

Theoretical and experimental work on the generation of tumbling projectiles was conduc- 
ted first by Ruiz and Goldsmith [10, 11] where blunt-faced cylindrical projectiles were fired 
at 100-125 m/s so as to hit the edge of a rectangular deflector plate at various offsets to 
produce tumbling. In order to permit the employment of high initial translational speeds 
(800 m/s) of the projectile, a new experimental setup was designed, presented schematically in 
Fig. 3. Tumbling of projectiles was produced by a generator placed between the gun and the 
target plate. Blunt-faced hard-steel (Re 54) cylinders with a diameter of 12.7 mm and a length 
of 38.1 mm were fired from a powder gun at velocities from 400 m/s to 800 m/s. The forward 
speed of the projectiles after the initial impact (that effected tumbling) ranged from 300 m/s to 
700 m/s, and rotational speeds ranged from 0 rad/s to 5000 rad/s, while concomitant impact 
angles varied from 0 ° to 50 °. Targets consisted of 140 mm diameter 606 l-T6 aluminum plates 
with thickness of 4.8 mm and 12.7mm. A Beckman-Whitley high speed camera with 79 
frames and ra'tes ranging from 20 x 103 to 1 x 10 6 pictures/s was employed to observe the 
impact phenomena. Experimental results such as initial translational velocities (after tumbl- 
ing), impact angles, oblique angles, rotational speeds, final velocities and final oblique angles 
of the striker were obtained directly from the film except for normal perforations where two 
sets of parallel lasers were used to measure the initial and final velocity of the projectile. In 
several cases, the impact occurred in a plane deviating from the vertical plane up to 10 °. 
Under such situations, a correction was made for the kinematic parameters since the data 
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Fig. 3. Schematic of the experimental setup for impact by tumbling projectiles. 
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obtained directly from the film are depicted in the vertical rather than the impact plane. 
A detailed description was given in [12], based on the deviation angle obtained from the 
specimen after the impact. 

The experimental arrangement for the generation of tumbling was designed with substan- 
tial flexibility so that a wide range of controlled rotational speeds and impact conditions 
could be obtained. Tumbling is achieved by the impingement of the fiat front face of the 
projectile on massive aluminum blocks, serving as tumbling generators, in a manner so that 
the projectile strikes this block with varying degrees of overlap. A massive block of 606 l-T6 
aluminum with a length of 102 mm, a height of 102 mm and a thickness of 25.4 mm was used 
as a tumbling generator. The holder for this generator was placed between two angle plates. 
Two screws on the bottom of the holder could be used to adjust the vertical position of the 
block so that the desired overlap is obtained. 

Frequently, oblique angles are produced coincident with tumbling motion. In order for the 
projectile to intercept the target, its holder (as distinct from that for the tumbling generator) 
was designed to be adjustable in the vertical direction to ensure a collision with the target. 

RESULTS AND DISCUSSION 

Twenty-seven shots were performed on 4.8 mm thick 6061-T6 aluminum targets with 
perforation occurring in all tests. There were twenty-four shots on 12.7 mm thick 6061-T6 
aluminum targets, of which 19 perforated, 2 were ricochets, and 3 embedded. Five normal 
perforations were performed for comparison with impacts by tumbling projectiles. The 
material properties of 6061-T6 aluminum and S-7 air-hardening drill rod (for the projectile) 
are taken from Ref. [13] and are listed in Table 1. Figure 4 depicts a typical sequence of 
high-speed photographs depicting the target response to the tumbling projectile. 

Table 1. Properties of projectile and target materials [13] 

Density Dynamic yield Dynamic shear Elastic modulus Poisson's 
Material (kg/m 3) strength (MPa) strength (MPa) (GPa) ratio 

Projectile 7977 1393 804 210 0.29 
AL 6061 2780 295 190 70 0.33 
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Fig. 4. Typical Beckman-Whitley framing camera sequence showing motion of the projectile before, 
during and after the impact, run A12. Framing rate: 22.3/~s/frame. Initial velocity: 395 m/s. Impact 
angle: 14 °. Oblique angle: 7 °. Tumbling speed: 350 rad/s. Target: 4.8 mm thick 6061-T6 aluminum. 

Tumblin# production 
The tumbling generator was employed in all shots except for normal perforation. The 

experimental data indicated that, for the same initial translational velocity of the projectile, 
the oblique angle and rotational speed will increase with increasing edge overlap, while the 
final translational speed decreases significantly. An increase of the initial velocity for the same 
edge overlap results m a smaller oblique angle. For given linear and angular projectile 
velocities, the impact angle at contact was adjusted by changing the distance between the 
generator and the target. It proved to be very difficult to obtain precisely controlled impact 
angles since very slight changes in the actual overlap and initial velocity produce substantial 
variations in this parameter. Thus, many shots were executed to obtain required ranges of the 
initial velocity and the impact angle. 

Curve fittin# technique 
The focus of this paper is tumbling impact rather than tumbling generation. Thus, the 

following discussion will involve the impact event after tumbling generation. The principal 
factors affecting impact of a plate by a tumbling projectile of fixed dimensions and 
composition for a given target material and thickness are: initial velocity Vo, impact angle 0o, 
initial oblique angle flo, and rotational speed 09 o. As shown in [12], the effect of the initial 
rotational speed just before the contact on the perforation process is small for the range 
presently inve,;tigated; therefore, it was neglected. However, the major role of the rotation is 
to change the impact (or the yaw) angle of the projectile at contact, and this will significantly 
affect the perforation process. The following discussion will focus on the final velocity vf and 
the final oblique angle flf as functions of the initial velocity, impact angle and initial oblique 
angle that exhibit the principal manifestation of the variation of the initial conditions. The 
data are represented by empirical equations generated by the procedure described below. 
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For  the quantit ies defining the initial conditions,  i.e. the initial velocity, impact  angle, and 
initial obl ique angle, it was found experimental ly  that  it is very difficult to vary only one of the 
paramete rs  while keeping the other  two unchanged.  Fo r  this reason,  a mul t i - input  least 
square me thod  is used so that  all three pa ramete r s  are considered concurrent ly.  Statistical 
models  were examined on a t r ia l -and-error  basis [-14] and the one that  appears  more  
accurate  and reasonable  was selected. It  should be reminded that  this model  is accurate  in the 
ranges where mos t  of  the da ta  reside. Fo r  a range beyond  this but  still reasonably  close where 
fewer da ta  are available,  this model  is p robab ly  applicable,  since the ex t rapola t ion  is 
enhanced by cross-correla t ion f rom all the other  data.  

(a) 4.8 mm thick 6061-T6 aluminum targets. Based on the t r ia l -and-error  analysis, it was 
found that  the final velocity could be best expressed by: 

vf(Vo, Oo, flo) = fo  + (0o + kflo)(xl + X2Vo)(Oo + kflo)2(x3 + X4Vo) (1) 

where k, x 1, x 2, x 3, x 4 are the paramete rs  to be determined.  
When  the impact  angle and the initial obl ique angle are zero, Eqn (1) yields 

vf(v o, 0, 0) = fo(Vo). (2) 

This cor responds  to no rma l  perforat ion.  F o r  this case, Recht 's  theory  [15] is used to 
obta in  fo.  

Vf(V0, 0, 0) : fo(Vo) - mp t,,2 - -  . 2  ]1/2 (3) 
mp q- mg wo  Vbl! 

where Vb~ is the ballistic limit velocity, which is obta ined  f rom norma l  perfora t ion tests, mp is 
the projectile mass,  and  mg is the plug mass. It  is assumed tha t  the plug has the same d iameter  
as for the projectile and  the same thickness as for the target  plate. 

Since normal  perfora t ion results in zero final oblique angle, the function for the final 
oblique angles can be expressed by 

flf(Vo, 0o, flo) = [xl(0o + kilo) + x2(0o + kilo) 2 + x3(0o + kilo) 3] (1 + CVo) + x4fl o (4) 

where k, xl ,  x2, x3, x4, c are the pa ramete r s  to be determined.  
Twenty  perfora t ion tests were used to develop the statistical model.  Fo r  the final velocity, 

Eqn (1), the coefficients ob ta ined  f rom the da ta  are: 

x 1 = - 1.71, x 2 = 0.00302, x 3 = 0.00905, x 4 = 0.000045, k = 0.4, and Vbl = 65.6. 

Fo r  the final oblique angle, Eqn (4), the coefficients are determined as 

x 1 = - 2.78, x 2 = 0.102, x 3 = - 0.00114, x 4 = 0.86, k = 0.90, c -- - 0.00128. 

(b) 12.7ram thick 6061-T6 aluminum targets. The function for the final velocity is 
assumed to be the same as for the case of  thin plates. The  final obl ique angle is assumed to be 
given by 

flf(Vo, 0o, flo) = [xl(0o + kilo) + x2(0o + kilo) 2 + x3(0o + kilo) a] (1 + CVo). (5) 

Seventeen perfora t ion tests for the 12.7 m m  thick a luminum targets were used to develop 
the statistical model.  Fo r  the final velocity, Eqn (1), the coefficients are: 

x I = - 1.388, x 2 = - 0.0049, x 3 = - 0.372, x 4 = 0.00069, k = 0.70, Vbl = 170.2. 

Fo r  the final oblique angle, Eqn (5), the coefficients become  

x 1 = - 10.37, x 2 = 0.357, x 3 = - 0.0030, k = 0.30, and c = - 0.0013. 

Effect of impact angle and initial velocity on the perforation process 

In mos t  of  the experiments,  the impact  angles were less than  50 ° and the initial velocities 
ranged f rom 300 to 600 m/s. Thus,  the following discussion is only valid for these ranges and 
numerical  ex t rapola t ion  beyond  the ranges should not  be carried out  a lone wi thout  further  
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Fig. 6. Experimental final oblique angle as a function of impact angle for 4.8mm thick 6061-T6 
aluminum plates struck by hard-steel, blunt-faced cylindrical projectiles. Symbols: experimental data. 

Solid line: experimental curve. 

investigation. Since the deformation patterns and failure modes are different for thin (4.8 mm) 
and moderately thick targets (12.7 ram) targets, they are discussed separately. 

(a) Thin targets of 4.8 mm 6061-T6 aluminum. Figures 5 and 6 depict the experimental data 
and the curves (solid lines) based on Eqns (1) and (4) showing the percentage velocity drop 
and the final oblique angle as a function of impact angle when the initial velocity and initial 
oblique angle are specified. Figure 5 shows an initial increase in the velocity drop with 
increasing impact angle. However, the velocity drop tends to be stabilized when the impact 
angle exceeds 50 ° . Obviously, an increase of impact angle in the low range results in larger 
contact area between the projectile and the plate and causes more damage (or a larger crater 
size), and consequently consumes more energy. With a further increase in the impact angle, 
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above 50 °, the moment acting on the lateral surface of the projectile will rotate the projectile 
more rapidly towards a side-on impact (impact angle = 90°), which makes the velocity drop 
stable. Figure 6 shows an increase in the absolute value of the final oblique angle for 
increasing impact angle in the low range. However, the final oblique angle decreases to zero 
and remains at that value as the impact angle increases further. The explanation is given below. 

The final oblique angle fie can be expressed as: 

I/3fl = tan 1 v~ (6) 
Vz 

where vy and Vz are the velocity components in the y and z directions, respectively, as shown in 
Fig. 2. An increase of impact angle results in a larger contact area between the projectile and 
the target and a larger contact force in the z direction, reducing v z and subsequently 
increasing the magnitude of/3 r. A further increase in the impact angle results in nearly 
a side-on impact and in no trajectory change of the projectile (zero final oblique angle). As 
shown in Fig. 6, for 4.8 mm thick aluminum plates, the maximum final oblique angle is 
reached at an impact angle of 12 ° when the initial oblique angle is 5 °. This maximum is - 8  ° 
for an initial velocity of 350m/s and - 3  ° for 500m/s. The absolute value of the angle 
decreases with increasing initial velocity. The higher the initial velocity, the shorter the 
duration of perforation, resulting in a lower velocity component in the y direction. From Eqn 
(6), this will cause a decrease in the final oblique angle. When the impact angle is above 50 °, 
the final oblique angle seems to be stabilized and close to zero, as seen in Fig. 6. 

The effect of the initial oblique angle is reflected in Figs 5 and 6. For the same initial 
velocity of 500 m/s, the velocity drop for an initial oblique angle of 5 ° is greater than the value 
for an initial oblique angle of - 5  °. The absolute value of final oblique angle due to the 
negative initial oblique angle apparently becomes larger. 

The effect of the impact angle on the crater length of the plates is depicted in Fig. 7. The 
crater size increases with an increase in the impact angle and tends to remain stable at 40 mm 
after the impact angle reaches 50 ° . The initial velocity of the projectile, for the present range, 
seems to have no effect on the crater size. Negative initial oblique angles reduce the crater size 
noticeably, as shown in the figure. 

(b) Moderately thick targets of 12.7 mm 6061-T6 aluminum. Figure 8 shows the percentage 
velocity drop as a function of impact angle for fixed initial velocities and initial oblique 
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angles, based on Eqn (1). It is found that the velocity drop of the projectile increases with 
increasing impact angle. At velocities less than 500 m/s, the figure shows a significant concave 
upward trend, indicating a large increase in the velocity drop which attains the ballistic limit 
(velocity drop of 100%) quickly. For initial velocities of 620 m/s, a small increase in the 
velocity drop is initially evident, but the increment decreases rapidly with further increase in 
the impact angle and tends to be stabilized at 35% when the impact angle is above 50 ° . The 
reason is the same as in the case of the thin plate. Figure 8 indicates that the ballistic limit for 
an initial velocity of 350 m/s is reached when the impact angle is 29 °. 

An important conclusion drawn from the experiments is that the projectile experienced 
a substantial change in the trajectory after perforation as a result of the impact angle. 
Figure 9, based on Eqn (5) shows the effect of the impact angle on the final oblique angle of 
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the projectile for specified initial oblique angles and velocities. The change of direction with 
impact angle is very severe initially and attains a maximum at a critical angle of - 18 °, and 
subsequently quickly declines to zero. This threshold appears to be independent of the initial 
velocity within the range presently investigated. The maximum final oblique angle for the 
same initial oblique angle is 47 ° for an initial velocity of 350 m/s, 28 ° for 500 m/s, and 18 ° for 
620 m/s. When the impact angle is above 50 °, the final oblique angle drops quickly to zero. As 
mentioned earlier, when the impact angle is relatively large, the collision approaches a side- 
on impact, which results in no change in the trajectory and hence a zero final oblique angle. 

Figure 10 presents the ballistic limit as a function of impact angle for an initial oblique 
angle of 8 °, based on Eqn (1) where the final velocity was taken to be zero. The limit for a zero 
impact angle is 185 m/s obtained from the normal perforation tests. It can be seen from the 
figure that, when the impact angle is less than 5 °, this parameter has little effect on the ballistic 
limit. When the impact angle is above 5 ° , however, the limit increases very rapidly and attains 
450 m/s for an impact angle of 50 °. Beyond this value, the limit seems to be stabilized. 

Effect of plate thickness 
Comparison of Figs 5 and 8 shows that the velocity drop increases with an increase of the 

plate thickness when the other conditions are the same. The absolute value of the final 
oblique angle is also noticeably larger for thicker plates, as shown in Figs 6 and 9. 

Failure phenomena during perforation by tumbling projectiles 

(a) Thin plates of 6061-T6 aluminum. Representative terminal target configurations are 
presented in Figs 11-13. In general, nearly cylindrical plugs were generated when the impact 
angle was less than about 50 °, as occurred in runs A17 and A6. After the plugging stage, the 
tip of the projectile is no longer in contact with the target and further target failure is due to 
contact by the side of the projectile. When the impact angle was relatively small, as shown in 
Fig. 11, run A 17, where the impact angle is 2 °, plastic hole enlargement was found in addition 
to plugging due to projectile rotation, resulting in a thickening of the hole edge. For relatively 
large impact angles, further damage to the target ensued after perforation, as shown in 
Fig. 12, run A6, where the impact angle is 21 °. Two major cracks initiated from the upper 
portion of the projectile/target interface at both impact and exit sides and propagated 
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Impact side 

Distal side 

Fig. 11. Impact and distal sides of a 4.8 mm thick 6061-T6 aluminum plate after perforation by 
a tumbling blunt-faced cylindrical projectile, run A17. Initial velocity: 568m/s. Impact angle: 2 °. 

Initial oblique angle: 5 ° . 

outwards, constituting "front petaling" [16], a tearing process corresponding to mode III 
fracture. The petal had a width approximately the same as the projectile diameter. When the 
impact angle was greater than 50 °, failure consisted of plastic punching and only a single 
piece of the target was detached, as shown in Fig. 13, run A19, where the impact angle is 50 °. 
Target deflec:tion occurred in all of the tests, especially when the initial velocity was relatively 
low. Substantial plastic deformation around the edge of the hole was observed. This is 
produced by shearing, bending forces, or both during the penetration process. The experi- 
ments show that the width of this plastic zone is roughly thrice the thickness of the plates, but 
the transverse deflection decreases with an increase of the initial velocity. 

(b) Moderately thick plates of 6061-T6 aluminum. The cross sections of perforated plates 
from typical runs are shown in Figs 14 and 15. The impact and distal sides for two perforated 
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Impact side 

Distal side 

Fig. 12. Impact and distal sides of a 4.8 mm thick 6061-T6 aluminum plate after perforation by 
a tumbling blunt-faced cylindrical projectile, run A6. Initial velocity: 511 m/s. Impact angle: 21 °. 

Initial oblique angle: 8 ° . The plugs are shown above the hole. 

targets and one embedded are presented in Figs 16-18. In general, plugs were generated and 
forced out ahead of the projectile except at very high impact angles (greater than 40 ° for 
12.7 mm thick plates). For  small impact angles, failure modes of the target plates after 
plugging were similar to each other. An appreciable mound of material near the entrance was 
observed, as shown in Fig. 14, run B2, where the impact angle is 9 °. This results from the 
oblique position of the projectile which leads to lateral indentation in the initial penetration. 
Examination of the cross section of the perforated plates indicates that the exit cavity 
diameter ( ~  18 mm) was substantially larger than the projectile diameter of 12.7 m m  due to 
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Impact side 

Distal side 

Fig. 13. Impact and distal sides of a 4.8 mm thick 6061-T6 aluminum plate after perforation by 
a tumbling blunt-faced cylindrical projectile, run A19. Initial velocity: 324m/s. Impact angle: 50 °. 

Initial oblique angle: 13 °. 

plate bulging which was noted in both normal and tumbling perforation. The cross section of 
the plates also exhibits ductile hole formation failure along the inside of the hole, where all 
displaced target material was pushed to the side. This can be interpreted as being due to 
lateral motion and rotation of the projectile during the entire penetration process. 

An interesting phenomena is observed when the impact angle is relatively large. Failure by 
fracture or petaling ensued after plugging, as shown in Fig. 14, run B5, where the impact 
angle is 25 ° . An additional section was detached from the rest of the plate in addition to the 
plug because the force acting on the target is so big that it causes tearing fracture (fracture in 
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B2 

Fig. 14. Cross-section of 12.7 mm thick 6061-T6 aluminum plate after perforation by a tumbling 
blunt-faced cylindrical projectile, runs B2 and B5. B2 Initial velocity: 339m/s. Impact angle: 9. 
Initial oblique angle: 12 °. B5 Initial velocity: 470 m/s. Impact angle: 25 °. Initial oblique angle: 4. 

The plug is shown above the hole. 

B5 

mode III) when the impact angle attains a certain value. In Fig. 16, run B19, where the impact 
angle is 22 °, a plug was formed and the tearing just began. 

At even higher impact angles (greater than 40°), failure consisted of a tearing fracture and 
only a single piece of the target was detached as in a side-on impact. This is illustrated in 
Fig. 17, run B8, where the impact angle is 44 °. Run B12, where the impact angle is 48 °, shown 
in Fig. 18, represents the ballistic limit where the tearing initiated over the entire contact 
region but the perforation was not complete. 

Global deflections in all instances were very small except in runs B7 and B6, shown in Fig. 
15, where the initial velocities were low. In run B7, where the initial velocity was 354 m/s, 
a plug was forced out but the projectile bounced back. In run B6, where the initial velocity 
was 243 m/s, no plug was formed and the plate experienced substantial deflection. The 
maximum transverse deflection is 15 mm. 

C O N C L U S I O N  

An experimental study of the effect of tumbling motion of cylindrical projectiles on targets 
was carried out. Dependence of the final velocity after tumbling, oblique angle and tumbling 
speed of the projectile on the initial velocity of the projectile and the edge overlap of the 
tumbling generator was analyzed. An experimental investigation of the effects of the 
tumbling of cylindrical projectiles on the impact response of thin and moderately thick 
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B7 

Fig. 15. Cross-section of 12.7mm thick 6061-T6 aluminum plate after perforation by a tumbling 
blunt-fa~;d cylindrical projectile, runs B7 and B6. B7--Initial velocity: 354m/s. Impact angle: 31 °. 
Initial oblique angle: 10 °. The plug is shown above the hole. B6--lnitial velocity: 243 m/s. Impact 

angle: 42 ° . Initial oblique angle: 46 ° . 

B6 

aluminum target plates was then executed. The effects of impact angle, initial velocity, 
oblique angle, and target thickness on the penetration process, specifically on the final 
velocity, final obiique angle, crater length (for thin plates), and ballistic limit (for moderately 
thick plates) were studied in detail. It was found that the impact angle, resulting from the 
tumbling of the projectiles, could increase the velocity drop and change the trajectory of the 
projectiles markedly, especially for moderately thick targets. Negative initial oblique angles 
in a small range would decrease the velocity drop and the final oblique angle (absolute value), 
as would an i~acrease of the initial velocity of the projectile. Crater lengths of the plates subject 
to tumbling impacts were substantially larger than those involving normal perforations. The 
effect of impact angle on the deformation pattern and failure mode was documented by 
photographic analysis. It was found that the failure modes consist of two stages for small 
impact angles: plugging and hole enlargement. With an increase of the impact angle, petaling 
will occur after plugging. With further increase of the impact angle, the failure consists only of 
a tearing fracture as in a side-on impact. 

Another important conclusion drawn from the experiments is that for impact angles above 
50 ° , the velocity drop and trajectory change of the projectile, crater length (for thin plates) 
and ballistic limit (for moderately thick target) of the target are almost the same as for the 
side-on impact. 
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Impact side 

Distal side 

Fig. 16. Impact and distal sides of a 12.7mm thick 6061-T6 aluminum plate after perforation by 
a tumbling blunt-faced cylindrical projectile, run B19. Initial velocity: 324m/s. Impact angle: 22 °. 

Initial oblique angle: 8 ° . The plug is shown above the hole. 
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Impact side 

Distal side 

Fig. 17. ]impact and distal sides of a 12.7 mm thick 6061-T6 aluminum plate after perforation by 
a tumbling blunt-faced cylindrical projectile, run B8. Initial velocity: 500m/s. Impact angle: 44 °. 

Initial oblique angle: 4 ° . The plug is shown above the hole. 
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Impact side 

Distal side 

Fig. 18. Impact and distal sides of a 12.7 mm thick 6061-T6 aluminum plate after perforation by 
a tumbling blunt-faced cylindrical projectile, run B12. Initial velocity: 452 m/s. Impact angle: 48 °. 

Initial oblique angle: 7 ° . 
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