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ABSTRACT

The conventional treatment of ‘the shear strain localization problem assumes
deformation under adiabatic conditions and further disregards completely the
kinetic and structural factaors like strain rate, thermal diffusivity and the
nature of strain inhomogenities. In this paper, the adiabaticity assumption has
been relaxed and in addition, the effect of structural and kinetic factors on
shear band initiation has been specifically considered. It is shown that both
the kinetic and structural factors play a prominent role in determining the
probability of shear band formation.
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INTRODUCTION

It is well known that the temperature rise accompanying plastic deformation
under conditions of restricted heat transfer can cause the strain to localize
within a band and thus induce premature fracture or failure of the component
(Wingrove, 1973; Samuels and Lamborn, 1978; Rogers, 1979). The 'shear plugging'
mode of failure. experienced by high strength alloy targets when impacted by
a hard projectile is a classic example of such a phenomena. The shatter of
projectiles caused by crack propogation along the concentrated shear bands
is yet another example of the same phenomena.

The various events that occur in series to cause shear band induced dynamic
fracture of the type described above can be listed as follows:

(1) Initiation of the shear band. This usually occurs at a critical strain or equiva-
lently at a critical depth of penetration.

(2) Propogation of the shear band.

(3) Void nucleation, growth and coalescence within the band resulting in a material
seperation across the band.
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Of these three events, it is important to determine the one which largely deter-
mines the probability of fracture. This can be most conveniently done in terms
of energy absorption accompanying each event since an effective armour or
projectile is the one which absorbs the maximum energy prior to fracture.

As noted earlier, shear band initiation requires a critical strain to be exceeded
in the material. Prior to the attainment of this strain, the deformation of the
material occurs in a homogeneous fashion and over a large volume. Hence,
the energy absorbed, defined as the product of the flow stress of the target,
its mean strain and volume undergoing deformation, is quite high. But once
the shear band is nucleated, all further deformation is concentrated mainly
within these bands, whose volume can be even three orders of magnitude smaller
than the original volume undergoing homogeneous deformation. In addition,
the temperature rise within the band can be quite significant resulting in a
reduction of the shear flow stresss of the band material inspite of extensive

Finally, since the shear band material experiences very high strains (Samuels
and Lamborn, 1978), void nucleation, growth and coalescence will occur quite
easily and with negligible energy expenditure. Thus, in terms of energy absorption,
shear band initiation is the critical event and the only effective way to post-
pone dynamic fracture is to maximize the critical strain for shear band initiation.

In the present paper, the parameters affecting the shear band initiation will
be considered in detail. In particular, it will be shown that when the assumption
of adiabatic deformation is relaxed, kinetic and structural factors like strain
rate of deformation, thermal diffusivity and the nature of inhomogenities acting

as strain concentrators also become important in determining the probability
of shear band initiation.

SHEAR BAND INITIATION

Initiation and the subsequent sustenance of
of criteria to be satisfied. First, the deformation should become unstable so

that the localization of strain within a narrow shear band is energetically favour-
able. This is infact a 'thermodynamic' criteri

second requirement is that the material should contain pre-existing strain inhomo-
genities like inclusions, second phase particles and cracks. Without these structural
defects or inhomogenities, no shear bands will form even above the critical
strain for localization; only a general softening of the material close to the
projectile-target interface will occur. Thus, the 'structural' factors are quite
important. Finally, if the shear band width is such that a significant fraction
of the heat generated within the band is lost to the surroundings, the critical
condition for shear band initiation will also depend on kinetic factors like strain
rate of deformation and thermal diffusivity. So, a complete treatment of the

shear band initiation problem requires the consideration of thermodynamic,
strcutural and kinetic factors.

Therm odynamic Criterion

In this section we derive a simple expression for the critical strain (EC) corres-

ponding to the onset of unstable deformation. Since this aspect has been dealt
with repeatedly in the literature (Argon, 1973; Culver, 1973; Bai, 1981; Dodd
and Atkins, 1983), it will be considered only briefly here. Any material, once
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carresponding value under adiabatic conditions (Ecad) as shown below.

The temperature rise, AT, under non-adiabatic conditions is given by an equation
of the form,

AT = AT . T(N) (5)

where, AT is the temperature rise under adiabatic conditions, N is the thermal
number (=L°E°/D Ec) and f (N) is a function of N and always less than or equal

to one. The variation of f (N) with N can be accurately determined using the
heat band solution (Carslaw and Jaeger, 1959). But in that case f (N) cannot
be expressed as a simple analytical function. So, a less accurate but a simpler
analytical function was obtained by trial and error as,

N0-177
f(N) = 1/(1 + (2/N))

for N >0.02 (6)

{ quation (6), a purely empirical expression, satisfies the boundary conditions
namely that f(N) = 0.9 when N = 50 and f(N) = 0.1 when N = 1/50. Substituting
eqn.6 in eqn.5 and using this expression for AT in eqn.1, one obtains the following

expression for the critical strain (EC) for deformation instability under non-

adlabatic conditions.

)

1 A 2,q
ReEE. () =5 Ri25E )

where, q = (1/n+1) (50 F'Z/R)O'”7y R L/Lad. Figure 1 shows the variation

of R with the parameter P, as predicted by eqn.7, for a wide range of metals
and alloys. The figure shows that R (and hence Ec) increases with decreasing

P, slowly at first and then more rapidly. It is also obvious that as long as P
Is greater than about 0.3, the value of R (for a given P) is quite insensitive
to material properties. But, for P £0.3, the actual R value depends significantly
on the material properties especially n. The figure also indicates that the physically
possible lower bound value for P is about 0.3 since for P<0.3,R increases dramati-

cally with decreasing P and it is unlikely that such high strains (EC = MRE. Ecad)

can be generated during the impact process. Table 2 indicates this lower bound
value for L (=0.3 Lad) at two strain rates. In the case of pure metals like copper

and aluminium, even the lower bound value for the shear band width is quite
high .

Structural F actors

A necessary condition for the formation of shear bands is the presence of strain
inhomogenities, either pre-existing or formed during the impact process. The
strain inhomogenities can be characterized in terms of their strength (51) and
size (S2). The strength of an inhomogenity (S1) is defined as the ratio of the
strain at the inhomogenity (EI) to the bulk strain (Eb). The size (52) of the

inhomogenity is the size of the region wherein the strain concentration exists.
Under dynamic impact conditions, strain inhomogenities can be induced in the

material in a number of ways.
(1) Pre-existing inclusions and second phase particles can act as strain concentrators.

In this case S1 will lie in the range 1 to 3 and S2 will roughly equal the inclusion
or particle size.
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32 not Influenced by either the size of the inhomogenity or the kinetic factors.
fisn the other hand, if S2 is less than Lad’ deformation within the band will

e no longer adiabatic and the critical bulk strain for shear band initiation
g'i;v) will equal E__, - R/S1. In this case, R is dependent on P (see Fig.1) and

¥ squals SZ/Lad. Thus, Ebc will be influenced by the size of the inhomogenity

#= well as the kinetic factors.

DISCUSSION

in this section we will consider the thermodynamic, kinetic and structural factors

~ tagether and draw important conclusions regarding their relative importance.
_ In particular, three different classes of materials will be defined and the relative
_ importance of the various parameters in causing shear band nucleation will

tie considered for each class of material.
lass 1. Materials with high So/n.D values like Ti-6Al1-4V, quenched and tempered

carbon steels, Al 7075-T6 and to some extent Titanium fall in this group. These
materials exhibit low L _ (table 2) and ECad (table 1) values. Thus, inhomogenities

of low strength (S1) and size (S2) like those caused by inclusions and second
phase particles can act as shear band nucleation sites. In a conventionally processed
material, a large number of such nucleation sites will be present. Hence, shear
pand nucleation will be primarily controlled by thermodynamic factors and
the postponing of shear band initiation and the attendant dynamic fracture
wlll require either increasing n or decreasing So . But if the material is specially

processed (e.g., ESR process) to reduce the size of inclusion to below the Lad

value, shear band initiation and hence fracture will be postponed to higher
strains. In fact, experiments with high strength armour steels have clearly shown
that ESR steel is much more resistant to shear plugging type failure than the

conventionally processed materials.
Class 2. Materials like aluminium and copper which exhibit very low So/n.D

values fall in this class. These materials exhibit very high values of Lad and

- ca As a result, strain inhomogenities with very high $1 and S2 values are
réquired for shear band initiation. It is impossible to form such severe inhomo-
genities under normal conditions. Thus shear band formation is not favoured
in these materials. This conclusion is in line with the experimental observations.
Class 3. Materials like Iron, Al 6065-T4 which exhibit intermediate So/n.D values

belong to this class. Within this class we have two possibilities.
(a) Low n and high SO and D. These materials exhibit low Ecad and intermediate
L values. So generation of inhomogenities of sufficient size (S2 ZLad) will

ad
be the critical factor which will determine the probability of shear band formation.
(b) High n and low SO and D. These materials are characterized by high Ecad

and intermediate Lad values. Hence, the shear band formation will depend criti-

cally on the generation of strain inhomogenities of sufficient strength.

CONCLUSIONS

The conventional treatment of the shear band formation assumes deformation
under adiabatic conditions and further disregards completely the kinetic and
structural factors. In this paper, the adiabaticity assumption has been relaxed
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and in addition the effect of structural factors on the critical strain for shear’
band formation has been specifically considered. It is found that the kinetic
factors are unim portant only in the case of materials with high So/n.D values.

On the other hand, structural factors are found to play a prominent role in
shear band formation, in the case of all materials.
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