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Sualnary - Three of the main modes of failure observed in the penetration 
of metallic armour are classified as ductile failure, adiabatic shear 
plugging and discing. It is demonstrated that a change from ductile 
modes of failure to those which involve adiabatic shearing or discing 
can be understood in terms of the work done to penetrate a target. 
Adiabatic shearing is possible if the rate of thermal softening exceeds 
the rate of work hardening of the target material. In adiabatic shear 
failure, where several shear bands propagate independently towards the 
rear of the target, intersection of one band with the rear surface may 
lead to asymmetry in the deformation. Asyr~netric conditions do not 
favour further propagation of adiabatic shear bands and failure can be 
completed by discing and/or ductile tearing giving a mixed mode of 
failure. Discing is accentuated if the target plate shows relatively 
low toughness particularly in the through thickness orientation. Other 
studies have shown that the fractures associated with discing may be 
produced by shearing in the plane of the plate, and it is demonstrated 
that discin~ is more likely when fracture occurs on a number of parallel 
planes. 

NOTAT I ON 

D projectile diameter 
W work 
W F work of fracture 

h target thickness 
n ntm~r of planes on which discing fractures occur 
t thickness of target remaining to be penetrated 
6 small change 

constant 
o 0 material strength 

INTRODUCTION 

In the penetration of metallic targets by projectiles, the major factors which 
influence the failure mode of the target are material properties of the pen- 
etrator and target, the impact geometry conditions and velocity. The range of 
failure modes has been described in several reviews of terminal ballistics 
[I-3]. In general, however, the details of individual failure modes are 
discussed independently. By considering the geometric aspects of acceleration 
of target material ahead of the projectile and the microstructure and physical 
properties of the target, it is possible to understand the interrelation of 
various failure modes and to define those conditions which favour particular 
modes. This is the objective of the present work. 

MODES OF FAILURE 

In evaluating the penetration resistance of a metallic target the major concern 
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is the amount of work done in plastic deformation. It is therefore necessary 
to concentrate on the mechanism of plastic deformation and the influence that 
fracture properties have on both changingthe deformation mode, and in restric- 
ting the amount of plastic work. Aspects of elastic deformation and friction 
are of less importance under ballistic conditions and are not considered here. 
The failure modes discussed typically occur at ordnance velocities, the velo- 
city range where the kinetic energy of a projectile in free flight is of com- 
parable magnitude to the work required to perforate a finite thickness metal 
target. 

The modes of failure to be considered in the present work are illustrated 
in Fig. I, which shows three types of failure for each of two projectile geo- 
metries. The different types of behaviour can be related by considering the 
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FIGURE I. Classification of Failure Modes for pointed projectiles, (a) 
ductile hole formation, (b) adiabatic shear plugging, and (c) discing, 
and for blunt projectiles, (d) ductile plugging, (e) adiabatic shear 
plugging and (f) discing. 

method of shear displacement of material in the target and special attention 
will be given to adiabatic shear failure. The classification shown in Fig. I 
differs slightly from those mentioned in earlier publications [I-3] in that it 
simplifies the problem by not including brittle mechanisms which lead to frag- 
mentation, and a rigid penetrator is assumed so that attention is focused on 
the target material. Figure I also does not include an illustration of the 
dishing mode which occurs in targets which are thin relative to the projectile 
diameter, as its relation to the others has been demonstrated previously [4]. 
For thin target plates it requires less work to bend the target forward than 
to push material to the side leading to a change to a dishing type mode when 
the target plate thickness drops significantly below one projectile diameter. 

The major difference between pointed and flat ended projectiles is observed 
in ductile low strength targets where pointed projectiles push material to the 
side, causing radial flow or ductile hole formation (Fig. la) , whereas for flat 
ended projectiles, material is geometrically constrained to move ahead of the 
projectile and a shear fracture is necessary to remove a plug in the ductile 
plugging mode, (Fig. Id). For each geometry the transition from the ductile 
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mode to either adiabatic shearing or discing occurs for reasons involving 
material properties and structure and this is best illustrated by considering 
the case for pointed projectiles. 

The work done (W) in penetration by a pointed projectile in the radial 
flow mode was calculated by Taylor [4, 5] and is given by 

D 2 W = ~ a0h (I) 

where D is the projectile diameter, h is the target thickness, and G O is the 
material strength. 

It has been demonstrated [4] that equation (I) gives good estimates of 
work done when SO is the flow stress of the material at a high strain typically 

expected in the penetration process (strain of the order of 1.0); this can be 
obtained from simple uniaxial compression tests. If we consider a projectile 
which has partly penetrated a target then the increment of work 6W to achieve 
the next increment of penetration 6h is given by 

D 2 ~W = ~ o 0 6h (2) 

for the ductile flow mode. 

If instead of pushing material to the side a plug is pushed forward the 
increment in work becomes [6] 

6W = T3 D G 0 t6h (3) 

where t is the thickness of target still to be penetrated. 

Thus for a rigid-plastic material when t < ~ D it becomes favourable for 

penetration to be completed by shearing, leading to plug formation. For plug- 
ging to occur, conditions which promote the formation of a relatively narrow 
shear zone are required, and in metals which work harden the transition from 
radial flow to plugging may not occur, due to the difficulty of forming such 
shear zones. However, under impact conditions involving high strain rates, 
high strength alloys exhibit unusual behaviour in that the rate of work soften- 
ing arising from the heat generated in plastic flow is greater than the rate 
of work hardening so that a catastrophic shear develops on a narrow shear 
plane. The conditions for this phenomenon have been discussed in terms of 
the thermomechanical properties of the material by Zener and Hollomon [7] and 
others [8-10]. The intensity of this shear is illustrated in Fig. 2 which 
shows an inclusion in steel which was deformed by a white etching shear band. 
Strains of the order of hundreds have occurred in the band centre, and the 
temperatures generated are estimated to exceed the melting point [11]. Material 
characterisics which favour adiabatic shear are high strength, low work harden- 
ing rate and high thermal softening rate. The model of Staker [10] differs 
from earlier ones in suggesting that thermal conductivity is not relevant at 
these high rates of strain. 

Two aspects of geometry, projectile shape and target thickness, should be 
considered at this stage. For flat ended projectiles the above discussion is 
modified because material is constrained to move ahead of the projectile so 
that plugging will always occur. The acceleration of the plug ahead of the 
projectile occurs in a first stage during which compression and radial ex- 
trusion of material is observed. This is followed by separation of the plug 
by a mechanism depending on the thermomechanical properties of the material 
resulting in a fracture, (Fig. Id) or adiabatic shear plugging, (Fig. le). 
For thin targets stretching and bending forward of the target, dishing failure, 
is observed rather than the radial flow mode of Fig. 1(a). The work done in 
stretching and bending can be approximated by the expression [4] 

W = ~ Dh00 (D + ~h) . (4) 
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FICURE 2. L~an~le of an adiabatic shear band in a high strength steel. 
The high shear strains are sho~,~ by the deformation of the inclusion 
particle ~ich has been deforme~ by the shear ]~man£. 75CX. 

Comparing equation (4) with equation (I) shows that dishing becomes favourable 
where the plate thickness is below the projectile diameter. This provides a 
useful guide for defining thin and thick targets in terms of projectile diam- 
eter. The work done in bending thin plates is important in considerations of 
discing failure, so named for the disc of material which is observed to separate 
from the body of the target. 

A similar approach to that used in modelling adiabatic shear may be adopted 
in examining the case of discing failure, (Fig. Ic and f) . If the target ma- 
terial has a very low toughness in the through thickness direction so that a 
fracture can develop preferentially in the plane of the plate, then instead of 
the projectile pushing material to the side the thin section ahead of the 
projectile may be bulged rearward as was described above for dishing of thin 
plates. It has been shown that this mechanism would introduce tensile fractures 
in the plane of the plate [12], although there is also some evidence that shear 
fractures can occur [13], as illustrated in Fig. I. 

Consider the bending away of a thin disc of thickness, t, a further depth 
of penetration <~h requires work given by 

11 
~W = ~ O 0 t 2<5h + W F ( 5 )  

and if WF, the work done in the planar fracture, is close to zero, equations 

(2) and (5) suggests that discing is favoured provided the remaining target 
thickness, t, is less than the projectile diameter D. The result is very 
similar to the transition from ductile hole formation to adiabatic shear but 
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in this case the condition is that fracture in the plane of the plate absorbs 
relatively little energy. Most metallic plate materials suffer from relatively 
low through thickness ductility due to inclusions, segregation and texture 
effects which are inherited from the casting and rolling processes used in 
manufacture. Hence in many plate materials the energy absorbed in fracture 
in specimens taken through the thickness is found to be small compared with 
that absorbed by specimens tested in other orientations. 

Examination of equation (5) shows that discing would be far more likely if 
fracture occurred on a number, n, of parallel planes each of thickness t/n) 
as equation (5) then becomes 

t 2 
~W = ~ 00 -6- 6h + W F. (6) 

In practice it is common to observe fracture on many planes when discing occurs 
and a typical example for an aluminium alloy with low toughness in the through 
thickness orientation is given in Fig. 3. High magnification examination 

FIGURE 3. (a) Discing failure in a high strength aluminium alloy showing 
the delaminaticn of the rearward part of the target. 12X. (b) Hi~her 
magnification showing the delamination associated with bands of intense 
shear being crossed by a second set of bands of intense shear. 40X. 

(Fig. 3b) shows that the discing fractures occur along planes which appear to 
be bands of intense shear and which are also intersected by another set of 
intense shears. This supports the suggestions [13] mentioned above that the 
fracture can occur by a shear mechanism. 

An alternative approach to the above considerations of discing and adiabatic 
shear is to examine the modes of deformation in shearing material from a target 
plate. Figure 4 shows an example of a uniform shear strain and two micro- 
mechanical methods of developing it. The conventional approach is to consider 
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FIGURE 4. (a) Displacement associated with a uniform shear strain. 
(b) Deformation in (a) achieved by a series of incremental shear dis- 
placements. (c) Deformation in (a) achieved by bending coupled with a 
shear displacement in the plane of the plate. 

a set of incremental uniform shear strains which in the case of adiabatic 
shear must occur in one very narrow zone. An alternative method of achieving 
the same displacement is to use a bending deformation with a compensating 
shear in the plane of the plate. If the compensating shear causes a fracture, 
then the work done in shear is low and bending will occur more readily because 
it occurs over a series of thin plates rather than one thick plate (equations 
(5) and (6)). This approach thus provides a model which links low toughness 
in the through thickness orientation with the observed shear displacements and 
separation of many planes in discing failure. The shear mode of formation of 
cracks approximately parallel to the plane of the target plate also helps to 
explain the occurrence of discing in cases where there is no preferred fracture 
direction. Discing was observed by W~odward [14] to involve many fracture 
planes in a magnesium alloy which was isotropic in properties but which had 
very limited ductility. 

The classification shown in Fig. I thus presents a clear picture of the 
difference imposed by the geometry of flat ended and pointed projectiles in 
the way they constrain the movement of material, and the influence that this 
and material properties and microstructures have on determining the mode of 
failure of targets. 

MODIFICATIONS TO ADIABATIC SHEAR PLUGGING MODEL 

The concept of adiabatic shear plugging, illustrated in Fig. I, is that of a 
plug surrounded by a cylindrically symmetric shear band being pushed out ahead 
of a projectile. Recent work has shown, however, that adiabatic shear bands 
are not of this simple geometry [15]. In plugging failures several bands are 
observed to nucleate and propagate independently to the rear surface of the 
target and at the same time propagate to join up circumferentially. Once a 
shear band reaches the rear surface slip along this band occurs very easily. 
As bands reach the rear surface independently, the deformation becomes asym- 
metric and adiabatic shear failures therefore generally combine adiabatic shear 
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and bending fracture modes. This leads to the subgrouping for adiabatic shear 
shown in Fig. 5 with corresponding examples in Fig. 6. 

(a) 

~RACTURE 
BAND 

(b) (c) 

FIGURE 5. (a) Idealized concept of adiabatic shear bands leading to the 
complete separation of a plug. Shear bands completely encircle the plug. 
(b) Separation of a plug partly by adiabatic shear, followed by bending 
away and fracture of the plug from the target. (c) Partial separation by. 
adiabatic shear as in (b) follo~d by a fracture where anisotropy has led 
to a preferred fracture direction in the plane of the target plate. 

For essentially complete failure by adiabatic shear a very susceptible 
material is required in which the bands rapidly join circumferentially. This 
is apparently the case for titanium alloys, (Figs 5a and 6a) where the bands 
intersect the rear surface before much displacement of the plug occurs. In 
other cases, the intersection of a band with the rear surface from one side 
of the projectile only can lead to a ductile tearing fracture, (Figs 5b and 
6b), or a discing type fracture, (Figs 5c and 6c). In both the latter cases 
the final fracture is associated with asymmetric bending of the plug rearwards, 
the material motion is no longer favourable for shear to continue around other 
parts of the plug and the fracture type is determined by microstructural 
influences. Factors which accentuate asymmetry should enhance resistance to 
failure under adiabatic shear conditions. For example, it has been shown that 
under oblique impact the drop off in penetration resistance due to adiabatic 
shear in steels is pushed to a higher hardness level [14]. 

These phenomena may be used to explain the reported increased resistance 
to penetration of some steels with relatively low inclusion contents in the 
strength range where adiabatic shear occurs [16], in particular for electro- 
slag refined steels. This increased penetration resistance has been ascribed 
to reduced susceptibility to adiabatic shear, although a model for the influence 
of cleanliness and uniformity resulting from the electroslag refining process 
on the development of shear bands is lacking. The above approach suggests 
that alloys with lower inclusion contents would show greater penetration 
resistance because once asymmetric deformation due to bending begins the work 
done in tearing out the plug will be greater for such alloys. It has been 
demonstrated that electroslag refined steels have better toughness in the 
through thickness direction than conventional steels made to the same specifi- 
cation even though toughness measured in the plane of the plates is similar 
[17] . 
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FIGURE 6. Exarmples of the failure described in Fig. 5. (a) Plugging of 
a titanium alloy in which shear bands, although nucleating independently, 
appear to join up circumferentially to allow complete separation of the 
plug along shear bands. 8.5X. (b) Partial shear banding followed by a 
ductile fracture due to bending in an aluminium alloy. 6X. (c) Partial 
shear band failure followed by fracture by bending where anisotropy has 
influenced the fracture path. 6X. 
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CONCLUSIONS 

This work has demonstated how a simple classification of failure modes can be 
used with mechanical and micro-mechanical models to explainthe effects of 
penetrator geometry and target material thermomechanical properties and micro- 
structure on the penetration behaviour of metallic armour. Ductile hole for- 
mation, ductile plugging, adiabatic shear and discing modes were considered 
and factors which increase the likely occurrence of each type explained. 
The influence of asymmetry in the adiabatic shear mode was shown to result in 
significant microstructural influence on such failures even though the basic 
mechanism of the phenomenon is thermo-mechanical. 
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