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Abstract

We analyze plane strain thermomechanical deformations of a prenotched rectangular

plate impacted on one side by a prismatic body of rectangular cross-section and moving

parallel to axis of the notch. Both the plate and the projectile are made of the same

material. Strain hardening, strain-rate hardening and thermal softening characteristics of

the material are modeled by the Johnson-Cook relation. The effect of different material

parameters, notch-tip radius, impact speed and the length of the projectile on the

maximum tensile principal stress and the initiation and propagation of shear bands at the

notch-tip is analyzed. It is found that for high impact speeds or enhanced thermal

softening, two shear bands, one at o10− and the other at o128− to it propagate from the

notch tip. Otherwise, only one shear band nearly parallel to the notch-ligament initiates at

the notch-tip. The notch-tip distortion for high strength materials is quite different from

that for low strength materials. The maximum tensile principal stress occurs at a point on

the upper surface of the notch-tip and for every set of values of material parameters and

impact speeds studied equals about 2.3 times the yield stress of the material in a
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quasistatic simple tension or compression test. We assume that the brittle fracture occurs

when the maximum tensile principal stress equals twice the yield stress of the material in

a quasistatic simple tension test and a shear band initiates when the effective plastic strain

at a point equals 0.5. The effect of material and geometric parameters on the time of

initiation of each failure mode is computed. It is found that for low impact speeds (< 30

m/s), a material will fail due to the maximum tensile principal stress exceeding its

limiting value, and at high impact speeds due to the initiation of a shear band at the

notch-tip. Results are also computed for a C-300 steel with material parameters given by

Zhou et al. For an impact speed of 50 m/s, the shear band speed and the maximum

effective plastic strain-rate before a material point melts are found to be 350 m/s and 5 x

710 /s respectively.
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1 Introduction

Kalthoff ( 1987) and Kalthoff and Winkler ( 1987) have experimentally studied the

deformations near the notch tip in a prenotched rectangular plate made of a maraging

steel and impacted on the notched side by a cylindrical projectile moving parallel to the

axis of the notch. They obtained essentially identical results for both single notched and

double notched plates. For impact speeds oV  below a critical value cV , a crack

developed at a point on the notch surface and propagated into the plate at about o70 to

the notch-axis. However, for impact speeds greater than cV  a shear band developed at the

notch tip and propagated at an angle of at o10− to o15− to the notch-axis. They

postulated that the maximum effective plastic strain-rate at the notch-tip is proportional to

oroV /  where or  is the radius of the notch-tip. Mason et al. (1994) and Zhou at al.

(1996a) also used an experimental set-up similar to that of Kalthoff (e.g. see Fig. 1) and

found that no failure ensued at low impact speeds but at high speeds of impact a shear

band initiating from the notch-tip propagated nearly parallel to the notch-axis, got

arrested and a crack ensued from the shear band tip. They attributed the difference in

their and Kalthoff’s experimental results to different value of material parameters. We

note that Kalthoff listed only the Rockwell hardness number for the steel tested and did

not provide stress-strain curves. Mason et al. (1994a) have given the shear stress vs. the

logarithmic shear strain curve for the C-300 maraging steel, and Zhou et al. (1996b) have

evaluated the material parameters by curve fitting.
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Needleman and Tvergaard (1995), Zhout at al. ( 1996b) and Batra and Nechitailo ( 1997)

have used the finite element method to simulate Kalthoff’s experiment and employed

different constitutive relations to model the thermoviscoplastic response of the material.

Each of these investigations assumed that a plane strain state of deformation prevails in

the plate. Batra and Nechitailo (1997) also modeled the deformations of the projectile.

Needleman and Tvergaard (1995) enforced essential boundary conditions at the impacted

face with the maximum value of prescribed velocity equal to one-half of the initial

velocity of the projectile. However, Zhou et al. (1996b) presumed that the maximum

value of the prescribed velocity equals the initial velocity of the striker. Needleman and

Tvergaard (1995) accounted for the softening of the material due to the evolution of the

porosity and also due to the temperature rise but the other investigations considered

thermal softening only. These works did not study the effect of different material

parameters on the deformations of the plate material adjacent to the notch-tip. Here we

model the thermoviscoplastic response of the material by the Johnson-Cook (1983)

relation and analyze the effect of the change in the value of each material parameter on

the deformations of the plate material close to the notch-tip. In each case, the

deformations of the projectile are also considered and both the plate and the striker are

taken to be made of the same material. The effect of the impact speed, notch-tip radius,

and the length of the projectile on the deformations of the plate are also investigated. By

assuming that the brittle failure ensues when the maximum tensile principal stress at a

point equals twice the yield stress of the material in a quasistatic simple tension or

compression test and a shear band initiates when the effective plastic strain at a point
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equals 0.5, we also delineate the effect of material and other parameters on the initiation

of a failure mode.
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2 Formulation of the Problem

A schematic sketch of the problem studied is given in Fig. 1. In the referential description

equations governing the thermomechanical deformations of the projectile and the

prenotched plate are

oJ ρρ = , J= det F, (1)

oρ V
.

 = Div T,  (2)

T TF  = F TT (3)

eo
.

ρ  = -Div Q + tr(
.
TFT ). (4)

Here ρ  is the present mass density of the material particle whose mass density in the

reference configuration is oρ , F the deformation gradient, V the velocity of a material

particle, a superimposed dot indicates material time derivative, T the first Piola-

Kirchhoff stress tensor, e the specific internal energy, Q the heat fulx measured per unit

reference area, and Div the divergence operator with respect to coordinates in the

reference configuration. Here we assume the deformations to be locally adiabatic, thus Q

= 0. All of the plastic working is converted into heating even though Farren and Taylor (

1925) and Sulijoadikusumo and Dillon (1979) proposed that only 90 to 95% of plastic

working is converted into heating. Mason et al. ( 1994b) have shown that the fraction of

plastic working converted into heating depends upon the strain, strain-rate and the

material of the body.
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Both the projectile and the plate are assumed to be made of the same homogeneous and

isotropic thermoviscoplastic material which is modeled by the following constitutive

relations.

σ  = -p1 + s, p = K( )1/ −oρρ ,σ  = 1−J  T TF , (5)

σ
∇

 = σ
.

 + Wσ  - σ W, 2W – grad v – Tvgrad )( , (6)

s
∇

 = 2 eDµ , ptrD  = 0, D  = D – 
3
1 tr(D)1, (7)

e
.

 = Tc
.

 + eDtr σ( ), 2D = grad v + Tvgrad )( , eD  = D pD− 1
.
Tα− , (8)

2/1))(
2
3(, TsstreffspD =Λ= σ , (9)

mσ  = (A + B ))( n
pε (1 + Cln p

op εε
.

/
.

( ) (1 – ))( m
oTmT
oTT

−
− , (10)

pε
.

 = 2/1)(
3
2 )( pDpDtr , dtpp = εε

.
, (11)

0=Λ  if either 0)( ≤
∇

=< sstrandmefformeff σσσσ , and (12)

0>Λ  if either 0)( >
∇

=> sstrandmefformeff σσσσ . (13)

whenever (13) holds Λ is a solution of the nonlinear equation

meff σσ = . (14)

Here σ  is the Cauchy stress tensor, effσ  the equivalent or effective stress, s the

deviatoric Cauchy stress tensor, p the pressure, K the bulk modulus, α  the coefficient of
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thermal expansion, σ
∇

 the Jaumann derivative of σ , W the spin tensor, µ  the shear

modulus, D the strain-rate tensor, D  the deviatoric strain-rate tensor, T the present

temperature of a material particle, and grad the gradient operator with respect to

coordinates in the present configuration. The strain-rate tensor is assumed to have an

additive decomposition into an elastic part, eD , and a plastic part, pD , and the strain-

rate 1
.
Tα  due to thermal expansion. Equation 1)9(  states that pD  is parallel to s, and

eqn. (14) is the von-Mises yield criterion with the present value of the yield stress

depending on the effective plastic strain, pε , the effective plastic strain-rate, pε
.

, and the

non-dimensional temperature, )/()( oTmToTT −− , where oT  is the reference temperature

and mT  is related to the melting temperature of the material. Equation (10) is the

Johnson-Cook relation expressing the effective stress mσ in terms of pε , pε
.

 and T. In

eqn. (10) A is the yield stress of the material in a quasistatic simple tension or

compression test, parameters B and n characterize the strain-hardening of the material,

and mT  and m the thermal softening of the material.

 Initially the prenotched plate is at rest, stress free and at a uniform temperature oT . The

projectile is stress free, at a uniform temperature oT , is moving with a uniform velocity

oV parallel to the axis of the notch, and at time t = 0 impacts the plate at normal

incidence.

All bounding surfaces of the projectile and the prenotched plate are thermally insulated,

and all of these except for the impacted faces are traction free. At the contact surface
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[V.n] = 0, [n.σ n] = 0, trelvesksnntf ))()(.( βµµµσ −−+−= , (15)

t = relvrelv / ,

Where [f] denotes the jump in the values of f on the two sides of the contact surface, n is

a unit outward normal to the surface, tf  is the tangential traction acting along the unit

tangent vector t, and relv  equals the relative velocity of sliding between the two

contacting surfaces. sµ  and kµ  are the static and the kinetic coefficients of friction,

respectively, and β  describes the dependence of the frictional force upon the relative

speed of sliding. Values of sµ , kµ  and β  depend upon the roughness of the contacting

surfaces.

In order to determine whether a brittle or a ductile fracture initiates first, the brittle failure

is assumed to occur at a point when the maximum tensile principal stress there equals

twice the quasistatic yield stress of the material in a simple tension or compression test.

The criterion for the initiation of a shear band is described in Section 3. However, no

such failure or fracture criterion has been implemented in the code; thus a material point

can undergo unlimited plastic deformations. Even though the projectile is assumed to be

deformable, details of its deformations are not described in order to stay focussed on the

deformations of the plate material near the notch-tip.
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3 Computation and Discussion of Results

We employ the large scale explicit finite element code DYNA2D developed by Whirley

at al. (1992) to analyze the aforestated problem. It uses four noded quadrilateral elements

with one-point integration rule, the conditionally stable central-difference method for

time integration, and an hour-glass control algorithm to suppress the spurious modes. The

finite element mesh shown in Fig. 2 has sixty elements around the notch-tip, and the

element size gradually increases with distance from the notch-tip. For one set of material

parameters results were also computed with 30 and 48 elements around the notch-tip;

otherwise the mesh design was similar to that shown in Fig. 2. The three meshes gave

essentially identical results. Results presented herein are obtained with the mesh depicted

in Fig. 2 with 7.85 µ m x 23.6 µ m elements abutting the notch-tip. The hour-glass

viscosity coefficient was set to 0,4 to suppress spurious modes. Results for one case were

also computed with the hour-glass viscosity equal to 0.1 and were found to be virtually

indistinguishable from those for hour-glass viscosity equal to 0.4. Because of the

assumption of locally adiabatic deformations, the energy equation is trivially integrated,

and the size of the time step is governed by the mechanical problem. The time step size

equals 0.6 times the time taken by the dilatational wave to travel the shortest dimension

of any element in the mesh. The time step size is greatly reduced as the elements get

distorted during the deformation process.

In DYNA2D the effects of thermal expansion are neglected. This has no effect on the

computed plastic strains since the plastic strain-rate is proportional to the deviatoric

Cauchy stress tensor. Material points where the maximum tensile principal stress occurs
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are not heated because of the small plastic strains induced there. Thus the computed

values of the maximum tensile principal stress should be reasonable.

We analyze the effect on the deformations near the notch-tip of each material parameter

in the Johnson-Cook relation, the notch-tip radius, impact speed and the length of the

projectile which controls the duration of the loading pulse. When conducting the

parametric studies, only one variable is changed at a time. Base values of the material (

for a typical steel) and geometric parameters used to compute numerical results are listed

below.

A=791.2MPa, B=509.51MPa, C=0.014, n=0.26,

p
oε  =1/s, m=1.03, K=157GPa, µ =76GPa, mT  = 1033K, c=452 J/(kg K), oρ =

7850 kg/ 3m , or = 0.15mm, oV = 50m/s, sµ = 0.18, kµ = 0.05 and

β = 0.0055.

The values of the material parameters in the Johnson-Cook relation are taken from

Rajendran’s report (1992). For large variations in temperature, as are likely to occur near

the notch-tip, nearly all of these material parameters depend upon the temperature, e.g.

see Klepaczo et al. (1987). However, this temperature dependence has not been

considered here mainly because of the lack of such data.

By assuming that the plate material is linear elastic, a plane strain state of deformation

prevails, velocity is instantaneously applied normal to the impact face, and Poisson’s

ratio for the material of the plate equals 0.25. Lee and Freund (1990) found that the near-

filed mode-mixity parameter equals –0.25 over the time interval of interest, i.e., before

waves reflected from the far end have arrived at the notch tip. Thus both mode-I and

mode-II deformations occur near the notch-tip but the latter are predominant. In an
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attempt to delineate which parameters might strongly influence deformations near the

notch-tip of a thermoviscoplastic plate, we have used DYNA2D to numerically simulate

simple shearing deformations of a homogeneous block of the material at an average

strain-rate of 5 x 410 /s. It is close to the maximum value of the effective plastic strain-

rate computed in the simulations of the Kalthoff experiment. Figures 3a through 3g depict

the effective stress vs. the effective plastic strain curves for different values of material

parameters A, B, C, n, m, mT  and the nominal shear strain-rate oε
⋅

. It is clear that lower

value of mT  and higher values of A increase the magnitude of the initial negative slope

of the effective stress vs. the effective plastic strain curves. For a simple shearing

problem, Wright and Walter (1987) pointed out that the initial negative slope of the

effective stress vs. the effective plastic strain curve strongly influences the initiation of a

shear band. Stevens and Batra (1998) studied the Taylor impact test for a tungsten heavy

alloy ( WHA) rod, and assumes that the rod was either made of pure tungsten (W), or a

homogeneous iron-nickel tungsten (Fe-Ni-W) alloy, or Fe-Ni-W particles randomly

interspread among W particles. They found that a shear band formed at the point on the

rod’s mantle where the mushroomed region transitioned into the straight rod, only in the

rod with the largest value of the initial negative slope of the effective stress vs. effective

strain curve.

As was noted by Batra and Nechitailo (1997) the computed value of the maximum

velocity imparted to the plate particles on the impact face was found to be one-half of the

initial velocity of the projectile.
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We now discuss results for the prenotched plate with values of variables listed in (16)

except for m, which is set equal to 0.6. This material exhibits enhanced thermal softening

and a shear band should initiate when the effective plastic strain slightly exceeds the

value at which the effective stress peaks. The impact of the plate by the rod causes a

compressive wave to travel into the plate towards the notch-tip. As soon as a wave arrives

at the notch-tip, the material there is significantly deformed. The velocity field in the

region surrounding the notch-tip, plotted in Fig. 4 for two different values of the time

reckoned from the instant of impact, shows that initially the material above the upper flat

surface of the notch moves rather slowly and that below the lower surface of the notch

moves rapidly in the direction of oV . Material particles near the traction free lower

surface of the notch also move upward due to the Poisson effect. This upward movement

of particles essentially subsides once the material near the notch-tip has been severely

deformed and is no longer circular. The lower surface of the notch close to the notch-tip

is displaced upwards by about 0.05 mm while the upper surface has barely moved. The

displacement in the direction of oV  of particles on the lower surface of the notch

stretches material lines on the upper curved surface of the notch and induces there a

tensile hoop stress. The maximum tensile principal stress occurs at a point, usually a little

away from the notch surface, that in the reference configuration makes an angle of

approximately o70  with the notch-axis; the time history of the maximum tensile

principal stress, t
maxσ , at a point in this region is depicted in Fig. 5. Note that t

maxσ

need not always occur at the same material point. However, the maximum effective

plastic strain occurs at a point on the notch surface that in the undeformed configuration
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makes an angle of nearly o45−  with the notch-axis. The principal stress with the greatest

magnitude in the region surrounding this point is compressive. The time histories of the

effective plastic strain, the effective stress, the effective plastic strain-rate and the

temperature at this material point are exhibited in Figs. 6a and 6b. It is clear that the

effective plastic strain-rate, the effective plastic strain and the nondimensional

temperature grow rapidly. However the effective stress first increases extremely fast, and

then gradually decreases. The rate of change of these quantities strongly depends upon

the notch-tip radius and the thermal softening characteristics of the plate. The effective

stress peaks at a rather small value of the effective plastic strain. For a simple shearing

problem, Wright and Walter (1987) computed a catastrophic drop in the shear stress

within a shear band which was subsequently confirmed by torsional experiments on thin-

walled HY-100 steel tubes of Marchand and Duffy (1988). For a simple shearing

problem, Batra and Kim (1990) found that the sudden drop in the shear stress caused an

elastic unloading wave to emanate out of the shear banded region. However, in plane

strain and axisymmetric problems, the rate of drop of the effective stress is generally

much less than that in a simple shearing problem because in the former class of problems,

the material surrounding the shear banded material constrains the latter from severely

deforming; e.g. see Batra and Ko (1993). Figure 7 exhibits the deformed shape of the

material adjacent to the notch-tip at times t = 20 and 24 sµ . It is evident that the material

abutting the bottom surface of the notch-tip is intensely deformed. An opening in the

shape of a leaflet develops there which subsequently closes at the notch surface thereby

forming an elliptical open area. In order to ensure that this phenomenon is not mesh-

dependent, the problem was reanalyzed with the finite element mesh shown in Fig. 8. The
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aspect ratio of the elements around the notch-tip for this mesh is close to one. Results

obtained with meshes of Figs. 2 and 8 were virtually the same.

Time histories, plotted in Fig. 6, of different variables at a material point do not clearly

indicate when, if at all, a shear band initiates at this material point. Mason et al. (1994)

estimated shear strains of 100% within a 200-300 mµ  wide shear band formed in a

prenotched plate of C-300 maraging steel. Marchand and Duffy (1988) conducted

torsional tests on thin-walled tubes made of a HY-100 steel and measured shear strains of

upto 20 within a band. They postulated that a shear band initiates when the torque

required to deform the tube suddenly drops. Zhou at al. (1998) assumed a relationship

between effective plastic strain and the effective plastic strain-rate at the tip of a shear

band. For a C-300 maraging steel, their relation (5) with values listed in their Table 2

gives the effective plastic strain at the shear band tip to be 0.17 and 0.0636 for effective

plastic strain-rates of 4 x 410 /s and 4 x 510 /s respectively. Batra and Kim (1992)

numerically studied the initiation and development of shear bands in simple shearing

deformations of twelve materials and concluded that a shear band initiates when the shear

stress has dropped to 90% of its peak value. However, Deltort (1994) hypothesized that a

shear band initiates when the shear stress has dropped to 80% of its maximum value.

Batra and Rattazzi (1997) studied the initiation and propagation of a shear band in a thick

walled steel tube and investigated the effect of the following four criteria for the initiation

of a shear band: (I) the effective plastic strain equals 0.5, (ii) the effective plastic strain

equals 1.0, (iii) the effective stress has dropped to 90% of its peak value, and (iv) the

effective stress has dropped to 80% of its maximum value. As was also found by Batra
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and Rattazzi (1997) these four definitions of the initiation of a shear band give quite

different results for the present problem. We note that Tresca (1878) observed shear

bands during the hot forging of a platinum bar and conjectured that the tangential velocity

is discontinuous across a shear band.  Batra and Ko’s (1993) computations showed that

this indeed was the case. This criterion for the development of a shear band could not be

adopted for the present problem mainly because the band did not propagate far enough

from the notch-tip for most cases studied.

We now delineate the effect of different parameters on the time of initiation , ist , of a

shear band according to criterion (I). Figures 9a and 9b depict the dependence of ist  on

different material and geometric parameters, and the impact speed. A four-fold increase

in the value of C increases ist  ny only about 6%. Values of m, mT , B, A, oV  and or

strongly influence when a shear band initiates. ist  decreases with an increase in oV  and a

decrease in or , B, m and mT . For the three values 0.13, 0.25 and 0.52 of the strain

hardening exponent n, the shear band initiates essentially at the same time. Also the

length of the projectile had no effect on ist . ist  increases when A is changed in either

direction from the base value. Results could not be satisfactorily computed for

A=0.39GPA because the plate material near the bottom of the projectile/plate impact

surface got severely deformed. Even though the data points in Fig. 9 have been joined by

straight lines, there is no implication that such is indeed the case. The intent is to identify

parameters which play a prominent role.

According to criteria (I)-(iv) the time of initiation of a shear band equals 17, 24, 14.5 and

20 sµ  respectively. As noted earlier, the value of ist  depends upon the criterion used.
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The speed of propagation of a shear band also depends upon the criterion used to define

the shear band tip, and was found to be 50m/s for most of the cases studied here.

Henceforth we use criterion (I) to define a shear band.

Assuming that brittle fracture initiates when the maximum tensile principal stress equals

twice the yield stress of the material in a quasistatic simple tension or compression test,

we have plotted in Figs. 9c and 9d the dependence of the time of initiation of the brittle

fracture upon different material and geometric parameters. A comparison of these results

with those plotted in Figs. 9a and 9b reveals which failure mode will initiate first. It is

clear that a material with smaller value of n will first experience brittle failure and a shear

band will first initiate in the material with a higher value of n. As expected, a shear band

will first initiate in a material exhibiting increased thermal softening due to lower value

of m. The value of mT  does not noticeably change the time of initiation of the brittle

fracture but significantly affects the time of initiation of a shear band. The value of the

quasistatic yield stress, A, or the strength of the material has a predominant effect on the

failure mode. An increase in the value of A considerably delays the initiation of a shear

band but lowers the time of initiation of the brittle failure. However, higher values of B

delay the initiation both the shear band and the brittle failure. An increase in the value of

n has a little effect on the time of initiation of a shear band but noticeably delays the onset

of brittle failure. Similarly, an increase in the value of C has a very small effect on the

time of initiation of the shear band but considerably decreases the time of initiation of the

brittle failure.

Whereas the length of the projectile has virtually no effect on the time of initiation of a

shear band, it strongly influences the time of initiation of the brittle failure. For longer
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projectiles, the brittle failure will first ensue at a point near the upper surface of the notch.

The time of initiation of a shear band significantly decreases with an increase in the

impact speed. For a projectile speed of 25 m/s, brittle failure will occur first but for

projectile speeds, oV , greater than or equal to 50 m/s, a shear band will initiate first at a

point near the notch tip. For oV = 50m/s, a decrease in the notch tip radius decreases the

time of initiation of a shear band and the brittle failure. For or = 0.05 and 0.1mm, a shear

band will initiate sooner than the brittle failure.

The foregoing observations on the failure mode depend upon the criteria used to define a

shear band and the onset of brittle failure.

We now delineate the effect of different parameters on the deformations of the material

adjacent to the notch-tip.

3.1 Effect of Thermal Softening

Two material parameters, m and mT , influence the thermal softening of the material.

3.1.1 Effect of the value of the thermal softening exponent, m.

The effect of decreasing the value of m is to enhance the thermal softening of the

material; cf. Fig. 3b. Figure 10 depicts the contours of the effective plastic strain for

m=0.6, 0.7, 0.8, 0.9 and 1.03 when the maximum effective plastic strain at any point near

the notch tip equals 1.0; the corresponding times are 24.25, 27, 31, 33 and

35 sµ respectively. These plots reveal that two shear bands originate from the bottom

surface of the deformed notch-tip; one band propagates at about o10− to the notch

ligament and the other at o128− . As the value of m is increased or the thermal softening

is decreased, the band propagating at o128− to the notch-axis subsides and only one band
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propagates at nearly o10− to the notch-axis. Recall that Kalthoff measured the angle

between the shear band and the notch-axis to be between o10− and o15− . As expected,

the time measured from the instant of impact, when the the maximum effective plastic

strain equals 1.0 increases with an increase in the value of m. The time histories of the

effective plastic strain and the effective stress for element E, shown in Fig. 7a, are similar

to each other for all values of m considered (e.g. see Fig. 6) except that for m=0.6, the

effective plastic strain suddenly increased from 1.4 at t = 27.3 sµ  to 2.7 at 27.4 sµ . This

is due to the severe deformations of the element E. For a fixed value of time t, the radial

distance through which a shear band defined by any of the four aforestated criteria had

propagated decreases with an increase in the value of m.

3.1.2 Effect of the value of mT

As should be clear from the effective stress vs. the effective plastic strain curves of Fig.

3b, a decrease in the value of mT  enhances the thermal softening effect. Thus the effects

of decreasing mT  should be similar. Figure 11 depicts contours of the effective plastic

strain when the maximum effective plastic strain at any point on the near the notch-tip

equals 1.0; the values of the time when this occurs are 24, 28, 35 sµ for mT = 653, 780

and 1033K respectively. A comparison of these plots with those given in Fig. 10 reveals

that indeed the results are qualitatively similar and shear bands initiate sooner with a

decrease in mT  or m. For mT = 653K the effective plastic strain exceeds 0.5 in the 0.17-

mm thick region abutting the notch-surface and extending in the reference configuration

from θ = o25 to θ = o90− where positiveθ is the angle measured counterclockswise from

the notch-axis. The thickness or the angular width of this region decreases as one moves
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away from the notch surface. The speed of the band, defines as a contour of effective

plastic strain of 0.5, first increases from about 10 m/s at the instant of initiation to

approximately 50 m/s when it has propagated radially through 0.3 mm and then

decreases. The width of the band and the radial distance through which it propagates

decreases with an increase in the value of mT . For mT = 1413K, the maximum effective

plastic strain never reaches 1.0 in any element near the notch-tip, and for mT = 1033K the

width of the shear banded region(i.e. where the effective plastic strain equals atleast 0.5)

adjacent to the notch-tip equals 0.14 mm and it extends from θ = o27− to θ = o80− in the

circumferential direction and 0.1mm in the radial direction.

3.2 Effect of Quasistatic Yield Stress, A

The values of the quasistatic yield stress, A, strongly influence the deformations of the

material near the notch-tip. Recall that the projectile and the plate are made of the same

material. For five different values of A, Fig. 12 exhibits contours of effective plastic

strain when the effective plastic strain at any point near the notch-tip equals 1.0; this

happens at t = 30.75, 31, 32 and 36 sµ  for A= 2.376, 1.584, 1.18 and 0.63GPa

respectively. Whereas for lower values of A, there are two intensely deformed regions

originating from the the point on the bottom surface of the deformed notch-tip, there is

only one such region for the highest value 2.376Gpa of A. Note that the value of A

determines the strength of a steel. For very high strength steels, only one shear band

propagating essentially parallel to the axis of the notch forms. Also, deformations of the

material adjacent to the notch-tip are similar to that shown in Fig. 7 for low values of A

but no leaflet like opening develops for A=2.376GPa even though the maximum effective

plastic strain there exceeds 1.0. Figure 13 depicts at t =24 sµ the deformed mesh near the
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notch surface for A= 2.376GPa and also the velocity field. Whereas for lower values of

A,  the material particles adjacent to the traction free lower surface of the notch move

essentially horizontally at t = 24 sµ , for the higher value of A, their velocity has a small

downward component. For A= 2.376GPa the shear band defined as the region in which

the effective plastic strain exceeds 0.5 was 71 mµ  wide near the notch-tip and extended

0.48 mm in the radial direction. The band width near the notch-tip decreased from 150

mµ for A= 0.63GPa to 71 mµ  for A=2.376GPa.

For A = 0.39Gpa, the notch closed near the impacted end at t = 19 sµ . In order to

circumvent this, the notch width near the impacted end was increased to 0.5mm by

keeping the lower traction free surface of the notch horizontal and making the upper one

inclined to obtain a notch opening of 0.3 mm at a distance of 20 mm from the impacted

end. In this case the mesh near the bottom of the target/projectile interface was severely

distorted.

3.3 Effect of Strain-Hardening

Two material parameters, B and n, influence the strain hardening of the material; smaller

values of n for pε  < 1 and higher values of B enhance the strain hardening effect of the

material. For pε  > 1, a material with higher value of n will exhibit more strain hardening

effect. As pointed out earlier, higher values of B result in larger values of the time, ist , of

the initiation of a shear band. Also, only one shear band originates at the notch-tip and

propagates nearly horizontally, i.e., parallel to the axis of the notch. Figure 14 depicts

contours of the effective plastic strain and the deformed shape of the notch-tip at t = 38

sµ for a material with B=1.108Gpa. The maximum effective plastic strain at the notch-tip
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equals 0.76. It is evident that the surface of the notch-tip is not as severely distorted as for

lower values of B, and only a few elements in the region where the deformed notch-tip

meets the lower surface of the notch exhibit intense plastic deformations. Similar

deformation patterns were observed for a material with n = 0.13. We should add that for

B=0.203Gpa, a lealfet like opening akin to that exhibited in Fig 7b formed. Figure 15

evinces, for four values of B and two values of n, the time history of the temperature in

an element abutting the notch surface and situated in the reference configuration on a line

that makes an angle of o45 clockwise with the notch-axis. Lower values of B and n result

in higher final temperatures at this element. These values of temperatures compare

favorably with those experimentally measured by Zhou et al. (1996a).

3.4 Effect of Strain-Rate Hardening

As should be obvious from the plot in Fig. 16 of the time history of the evolution of the

effective plastic strain at element E for C = 0.004, 0.007 and 0.028, values of C within the

range studied influence a little the initiation of a shear band. Other results such as the

deformed surfaces of the notch-tip, the shear band speed, and the velocity field in the

deforming region were also essentially unaffected by the value of C.

3.5 Effect of Notch-tip Radius, or

The maximum tensile principal stress induced at any point near the surface of the notch-

tip and normalized by the quasistatic yield stress of the material equals 2.02 for or =

0.05mm, and 2.27 for or = 0.1, 0.15 and 0.2mm. Thus the maximum principal tensile

stress is essentially independent of the notch-tip radius; Batra and Nechitailo’s (1997)

results for larger values of or  gave a similar trend. At t = 18 sµ the deformed surface of
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the notch-tip for or = 0.05 mm looks similar to that shown in Fig. 7b in the sense that a

leaflet like opening develops in the region where the deformed notch surface meets the

bottom traction-free surface of the notch. Both the upper and lower traction free surfaces

of the notch move upwards, the lower one moves up by 0.043 mm and the upper one by

0.013 mm; thus the gap between these surfaces decreases from 0.1 mm at t = 0 to 0.068

mm at t = 18 sµ . Recall that for or = 0.15 mm, the upper traction free surface of the

notch scarcely moved. As shown in Fig. 9b the time of initiation of the shear band, i.e.,

the time when the maximum effective plastic strain at a point on the notch surface equals

0.5, decreases sharply with a decrease in the notch-tip radius.

For different values of or , we have plotted in Figs. 17a and 17b the time-history of the

effective plastic strain and the effective stress for element E. For or = 0.05 mm, the

effective stress drops catastrophically and the effective plastic strain increases immensely

at t ≅ 18 sµ . The drop of the effective stress to zero indicates that the temperature of the

material point E has reached the presumed melting temperature of 1033K. At t = 18 sµ , a

leaflet like opening somewhat similar to that shown in Fig. 7b developed.

Figure 17c depicts the plot of ln pε
.

vs. ln or at t = 8.1, 9 and 9.5 sµ , pε
.

and or have been

normalized by 1/s and 1 mm respectively. Here pε
.

equals the effective plastic strain-rate

in the element abutting the notch-tip. Assuming that pε
.

 α  α
or , we conclude from the

slopes of the best fit straight lines to the computed values that α = 0, -0.1 and –0.4 at t =

8.1, 9 and 9.5 sµ  respectively. At t = 8.1 sµ the material near the notch-tip just starts
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deforming plastically. Thus the order of the singularity at the notch-tip changes with an

increase in the plastic deformation there.

We note that for or = 0.05mm the notch opening near the impacted surface of the plate

was increased by keeping the lower notch surface horizontal and making the upper one

inclined for about 20 mm. For t < 18 sµ the notch surfaces stayed apart but they

contacted at t ≅ 18 sµ  at the point where the upper inclined notch-surface met the lower

horizontal notch-surface. It seems that forces at the contact surface had little influence on

the deformations near the notch-tip since the material there had already been intensely

deformed.

3.6 Effect of Projectile Length

The duration of the loading pulse at the projectile/target interface is directly proportional

to the length of the projectile. Whereas for a 75 mm long projectile the maximum

effective plastic strain at any point near the notch-tip reached 1.0 at t = 35 sµ , it equalled

1.7 at t = 40 sµ  for 112.5 mm and 150 mm long projectiles. For a 150 mm long

projectile, contours of effective plastic strain and the deformed mesh near the notch tip at

t = 40 sµ  are exhibited in Fig. 18. Only one shear band emanates from the point where

the deformed notch-tip meets the bottom nearly horizontal surface of the notch and

propagates, in the direction of the impact velocity, at an angle of o10− to the horizontal

axis. There is no leaflet like open region developed near the bottom of the deformed

notch-tip which look similar to the deformed notch-tip for A = 2.376Gpa.

3.7 Effect of Impact Speed, oV

Figures 19 a and 19b exhibit for element E marked in Fig. 7b the time histories of the

effective plastic strain and the effective stress for different values of the impact speed
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oV . For oV = 25 m/s the maximum effective plastic strain induced at any point near the

notch-tip is less than 0.3. The value of the maximum effective plastic strain increases

with an increase in the impact speed. For oV  ≤  25 m/s there is no shear band formed

according to any one of the four aforestated criteria. However, for oV = 25 m/s, the

maximum tensile principal stress equals 2.14 times the quasistatic yield stress, A, of the

material. Thus if the brittle failure of the material occurs when the maximum principal

tensile stress equals 2A, then the brittle failure will occur at low impact speeds. At high

impact speeds, the maximum effective plastic strain reached the critical value of 0.5

before the maximum tensile principal stress becomes 2A, thus a shear band initiates first.

Once a material point fails, new surfaces are created and the boundary conditions change;

this has not been pursued here. In order to satisfactorily compute results for oV = 75 m/s,

the upper surface of the notch near the impacted end was made inclined as described

before.

For low impact speeds, the notch-tip is not intensely deformed and the computed surface

of the notch-tip is smooth. For oV = 75 m/s, a leaflet like opening develops as shown in

Fig. 7c and two shear bands, one at o10− and the other at o128− emanate from the area

containing the leaflet.

We have plotted in Fig. 19c ln pε
.

vs ln oV for three different values of time; pε
.

 and oV

have been normalized by 1/s and 1 m/s respectively. Here pε
.

 equals the effective plastic

strain-rate in the element abutting the notch-tip. By fitting straight lines by the least

squares method we find that pε
.

 α  β
oV  with β = 0, 1.25 and 1.92 for t = 8.1, 9 and 9.5
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sµ  respectively. Thus strain-rate induced at the notch-tip soon after the arrival of a

loading wave is independent of the speed of the projectile. However, subsequent values

of  pε
.

 increase sharply with an increase in oV .

3.8            Plate made of a C-300 steel

Mason et al. (1994) and Zhou et al. (1996a) tested prenotched plates made of a C-300

steel. Zhou et al. (1996) have given the time histories of the temperature at material

points approximately 3 mm and 6 mm from the notch-tip, band speed and the length of a

shear band. They modeled the strain and strain-rate hardening of the material by power

law type relations and the thermal softening by an exponentially decaying function. Since

strain-rate hardening plays a less noticeable role and the strain-hardening in the Johnson-

Cook model is analogous to a power law type function, we changed the thermal softening

function in eqn. (10) to the one used by Zhou et al. and arrived at

],0)),1)/)(exp((1))(
.

/
.

ln(1)()(max[( −−−++= κδεεεσ oTTp
opCn

pBAm (17)

where oT equals the room temperature. Values of material parameters A, B, n, C, oε
.

, and

κ are obtained by fitting curves to their data and used to compute results discussed herein

are listed below.

A = 2GPa, B = 94.5MPa, n = 0.2, C= 0.0165, oT = 293K,

p
oε
.

 = 1.3 x 1310− /s, κ = 500K.

Values of geometric parameters and other material parameters are the same as those

listed in (16).
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For values of material parameters given in (18), mσ = 0 when T=698 K.

Generally mσ = 0 for a perfect fluid. Thus the material point defined by (17) and (18)

will behave like a perfect fluid for T ≥  698K. Zhou et al. (1996b, 1998) assumed that it

behaves like a viscous fluid when pε  ≥  0.17 and 0.0636 for pε
.

= 4 x 410 /s and 4 x

510 /s respectively. We have also computed results with κ = 800K which implies that the

material point turns into a perfect fluid at T = 941K; the latent heat required to melt a

solid particle has been neglected.

Figure 20 depicts the effective stress vs. the effective plastic strain curves for the C-300

steel with κ = 500 K and 800 K obtained by analyzing with DYNA2D a simple shearing

problem at a nominal strain-rate of 5 x 410 /s. The thermal softening exhibited by the

material defined by (17) and (18) is significantly more than that in the C-300 steel for

which the experimental effective stress vs. the effective strain curve is given in Fig. 9 of

Zhou et al. (1998); it seems like that they ignored the effect of thermal softening when

fitting a curve to the test values. Here, an initial boundary-value problem corresponding

to a simple shearing of a block has been analyzed. For each value of κ , the maximum

tensile principal stress induced at any point equalled 1.9 times the quasistatic yield stress

of the material in  simple tension or compression. For κ = 500 K and 800 K a shear band

according to criterion (I) defined above initiated at t ≅  20.5 and 23 sµ  respectively and

propagated into the plate at an average speed of 350 m/s. For the two values of κ , we

have plotted in Fig. 21, the time histories of the effective plastic strain, the effective

stress, the effective plastic strain-rate and the normalized temperature for the element E

depicted in Fig. 7c. For κ = 500 K a shear band initiates in element E at t ≅  20.5 sµ and
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the temperature there equals 603 K; the material point melts at t ≅  22 sµ . The effective

plastic strain-rate, pε
.

, at the instant of the initiation of the shear band at point E equals 8

x 710 /s. Note that pε
.

= 710 /s when the effective stress at E has the peak value. For

pε
.

= 8 x 710 /s, Zhou et al.’s (1998) eqn. (5) implies that the effective plastic strain at the

tip of the shear band is 0.04 which is very small. Since the contour of effective plastic

strain of 0.04 travels much faster than that of 0.5 (e.g. see Needleman (1989), Zhu and

Batra (1991)) the computed band speed will far exceed 350 m/s found here for the

contour of pε = 0.5. Figure 22 shows for κ = 500 K the deformed mesh and contours of

the effective plastic strain at t = 22.2 sµ . Only a small amount of material near the

bottom of the notch-tip is intensely deformed and the contour of the effective plastic

strain of 0.17 has propagated to a point 0.5 mm from the notch-tip. Results for κ = 800 K

are similar to those for κ = 500 K except that the initiation of the shear band in delayed a

little.

The computed value of the temperature in element E is comparable to that measured by

Zhou et al. (1998). However our computations could not be carried further in time

because of the excessive distortions of elements surrounding the element E. Zhou et al.

(1998, 1996b) have not elaborated upon the technique, if any, employed to overcome the

severe distortion of elements containing the failed material.

Mason et al. (1994) have estimated the shear band speed and the time of initiation, ist , to

be 320 m/s and 26 sµ respectively. Zhou et al. (1996a) measured the maximum shear

band speed to be 2000 m/s in the same C-300 steel. For κ = 500 k and 800 k, our
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computed values are ist = 20.5 and 23 sµ respectively, and the average shear band speed

for each value of  κ equals 350 m/s.
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4. Conclusions

We have analyzed finite plane strain transient deformations in a prenotched plate

impacted on the side by a projectile moving parallel to the axis of the notch. The

projectile and the plate are made of the same material which exhibits strain hardening,

strain-rate hardening and thermal softening. The thermoviscoplastic response of the

material is modeled by the Johnson-Cook relation. The deformations of the plate are

assumed to be locally adiabatic and no failure criterion is included. The problem is

analyzed for several values of the material and geometric parameters by using the large

scale explicit finite element code DYNA2D. For one set of material and geometric

parameters, results computed with four different reasonably fine finite element meshes

were found to be virtually identical to each other. Results presented in this Thesis and the

conclusions drawn are based on the finest finite element mesh used that had 60 elements

around the notch-tip. For a notch-tip radius of 0.15 mm, the size of the elements abutting

the notch-tip equalled 7.85 mµ  x  23.6 85 mµ .

For all of the cases analyzed, the bottom surface of the notch moves upwards and the

upper surface essentially stays stationary except when the notch-tip radius equals

0.05mm. For the latter case both surfaces move upwards, however the lower one moves

by a larger amount than the upper one with the result that the notch opening is decreased

as also happens for other problems studied. The lower notch surface is also displaced in

the direction of the velocity of the projectile, the notch tip is deformed and line elements

near the upper part of the notch surface are stretched. The maximum principal stress is
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tensile near this part of the notch-tip and compressive near the bottom of the deformed

notch-tip.

It is found that for strongly strain-hardening or high-strength ( very high values of the

yield stress in a quasistatic simple tension or compression test) steels, a shear band

initiates from the bottom of the deformed notch-tip and propagates in the direction of the

impact velocity at an angle of about o10− with the axis of the notch. The maximum

computed shear band speed equals approximately 100 m/s. However, for moderate

strength steels, a leaflet like opening develops near the bottom of the deformed surface of

the notch-tip, and two shear bands – one at o10− and the other at o128− to the notch-axis

propagate into the plate material.

For all values of the material and geometric parameters considered with the Johnson-

Cook model the maximum tensile principal stress equals about 2.2 times the yield stress

of the material in a quasistatic simple tension or compression test. For impact speeds

below approximately 30 m/s, the maximum effective plastic strain induced is less than

0.4. With the assumptions that a shear band initiates when the effective plastic strain

equals at least 0.5 and the brittle failure occurs when the maximum tensile principal stress

equals twice the quasistatic yield stress of the material, a brittle failure will occur at low

values of the impact speed and a ductile failure at high impact speeds in conformity with

the observations of Kalthoff. We note that in problems where the computed effective

plastic strain exceeded 0.5, it occurred before the maximum tensile principal stress

attained its critical value implying thereby that a shear band initiated first.

The initial plastic strain-rate at the notch-tip at t = 8.1 sµ when a loading wave arrives

there is independent of oV  and or , that at t = 9 sµ is proportional to 3.0/25.1
oroV  and
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4.0/92.1
oroV . The exponents of oV  and or  will very likely depend upon the constitutive

relation employed to model the thermoviscoplastic response of the material.

We have also investigated the dynamic deformations of a prenotched plate made of a C-

300 steel modeled by the modified Johnson-Cook relation with the thermal softening

function replaced by an exponential one proposed by Zhou et al. (1996b). For the

material parameters obtained by fitting curves to Zhou et al.’s data, the average shear

band speed was found to be 350 m/s and the temperature rise at the initiation of a shear

band to be o350 C. The maximum tensile principal stress equalled 1.9 times the yield

stress of the material in a quasistatic simple tension or compression test.
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6. Appendix

The following is a sample input file.

MELT.TEMP=1033 92
24506144427 0 0 0 0 0 0 0 0
1 0 0 12.0 25.0 1 1 1
0 0 2 4 1 1.0 .18 .60E-01 .55E-02

38. 0.0 0 0.6 0.01 00.0 00.0
0.0

33.0 1.0 0 0 0 0 0 0 0.00
1 0 0 0 0 0 0
1 0.4 1 1.5 0.06 0
1 12 7.85 1 1 0.40 1 1.5 0.06 0

JOHNSON-COOK MODEL. (material 1 defined for the target)
76.0079.219E-02509.51E-03 .26 0.014 1.03 1033.

298.
1.0000E-06 452E-06

5.5 0.0 0.0 0.0 0.0

EQUATION OF STATE (volumetric behavior): This is linear polynomial
0.0 157. 0.0 0.0 0.0 0.0 0.0
1.0

2 12 7.85 1 1 0.40 1 1.5 0.06 0
JOHNSON-COOK MODEL.(material 2 defined for the projectile)

76.0079.219E-02509.51E-03 .26 0.014 1.03 1033.
298.
1.0000E-06 452E-06

5.5 0.0 0.0 0.0 0.0

EQUATION OF STATE (volumetric behavior): This is linear polynomial
0.0 157. 0.0 0.0 0.0 0.0 0.0
1.0

1 .0 50.756069183349609 .106066912412643
.
.
.

45061 .0 -76.199996948242188 -50.799999237060547
1 1 2 33 32 1
.
.
.

4442745060450614499544994 2
1 0.00E+00 0.00E+00 0

42025 0.00E+00 0.00E+00 0
42026 5.00E-02 0.00E+00 0
45061 5.00E-02 0.00E+00 0
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Figure 1. A schematic sketch of the problem studied.
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Figure 2. Details of the finite element mesh near the notch tip.
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Figure 3a. Effective stress vs. effective plastic strain during simple shearing
deformation of a typical steel at nominal strain-rate of 50,000/s for different values
of material  parameters.
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Figure 3b. Effective stress vs. effective plastic strain during simple shearing
deformation of a typical steel at nominal strain-rate of 50,000/s for different values
of material  parameters.
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Figure 3c. Effective stress vs. effective plastic strain during simple shearing deformation of a typical
steel at nominal strain-rate of 50,000/s for different values of material  parameters.
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Figure 3d. Effective stress vs. effective plastic strain during simple shearing
deformation of a typical steel at nominal strain-rate of 50,000/s for different values of
material  parameters.
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Figure 3e. Effective stress vs. effective plastic strain during simple shearing
deformation of a typical steel at nominal strain-rate of 50,000/s for different
values of material  parameters.
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Figure 3f. Effective stress vs. effective plastic strain during simple shearing deformation
of a typical steel at nominal strain-rate of 50,000/s for different values of material
parameters.
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Figure 3g. Effective stress vs. effective plastic strain during simple shearing deformation of a
typical steel at nominal strain-rate of 50,000/s for different values of material  parameters.
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Figure 4a. Velocity Field at t=13 microseconds in the region surrounding the notch-tip.
(m=0.6)
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Figure 4b. Velocity Field at t=13 microseconds in the region surrounding the notch-
tip. (m=0.6)
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Figure 5. Time-history of the maximum tensile principal stress in the vicinity of the point on the
notch surface that makes, in the reference configuration, an angle of 700  with the notch-axis
(m=0.6)
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Figure 6a. Time history of the effective plastic strain and the effective stress at a point
on the notch surface that makes an angle of − 450  with the notch-axis in the
reference configuration.
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Figure 6b. Time history of the effective plastic strain and the effective stress at a
point on the notch surface that makes an angle of − 450  with the notch-axis in the
reference configuration.
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Figure 7a. Deformed shape of the material with m=0.6 near the notch-tip at t=20
µs .

ELEMENT E
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Figure 7b. Deformed shape of the material with m=0.6 near the notch-tip at t=24
µs .
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Figure 8. Details of an alternate finite element mesh near the notch-tip.
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Figure 9a. Effect of different material variables on the time of initiation of a shear band. A

 shear band is assumed to initiate when the maximum effective  plastic strain at any point

 equals 0.5.
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Figure 9b. Effect of impact speed, notch-tip radius and the length of the projectile on the time

of initiation of a shear band.
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Figure 9c. Effect of material parameters on the time of initiation of brittle fracture.
The brittle fracture is assumed to occur when the maximum tensile principal stress at
a point equals twice the yield stress of the material in a quasistatic simple
tension/compression test.
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Figure 9d. Effect of impact speed, notch-tip radius and the length of the projectile on
the time of initiation of brittle failure.
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Figure 10a. Contour of the effective plastic strain for m=0.6 when the maximum
effective plastic strain at any point near the notch-tip equals 1.0 for at t = 24 25. µs .
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Figure 10b. Contour of the effective plastic strain for m=0.7 when the maximum
effective plastic strain at any point near the notch-tip equals 1.0  at t = 27 µs .
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Figure 10c. Contour of the effective plastic strain for m=0.8 when the maximum
effective plastic strain at any point near the notch-tip equals 1.0  at t = 31 µs .
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Figure 10d. Contour of the effective plastic strain for m=0.9 when the maximum
effective plastic strain at any point near the notch-tip equals 1.0  at t = 33 µs .
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Figure 10e. Contour of the effective plastic strain for m=1.03 when the maximum
effective plastic strain at any point near the notch-tip equals 1.0  at t = 35 µs .
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Figure 11a. Contours of the effective plastic strain for different values of Tm  when

the maximum effective plastic strain at any point near the notch-tip equals 1.0 for Tm

=653K at t =24 µs
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Figure 11b. Contours of the effective plastic strain for different values of Tm  when

the maximum effective plastic strain at any point near the notch-tip equals 1.0 for Tm

=780K at t =28 µs
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Figure 11c. Contours of the effective plastic strain for different values of Tm  when

the maximum effective plastic strain at any point near the notch-tip equals 1.0 for Tm

=1033K at t =35 µs
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Figure 12a. Contours of the effective plastic strain for A=2.376GPA when the
maximum effective plastic strain at any point near the notch -tip equals 1.0 at t =
30.75 µs
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Figure 12b.  Contours of the effective plastic strain for A=1.584GPA when the
maximum effective plastic strain at any point near the notch -tip equals 1.0 at t =
31 µs
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Figure 12c.  Contours of the effective plastic strain for A=1.18GPA when the
maximum effective plastic strain at any point near the notch -tip equals 1.0 at t =
32 µs
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Figure 12d.  Contours of the effective plastic strain for A=0.63GPA when the
maximum effective plastic strain at any point near the notch -tip equals 1.0 at t =
36 µs
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Figure 13a. The deformed mesh near the notch surface for A=2.376GPA at t =
30.75 µs .
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Figure 13b. Velocity field near the notch surface for A=2.376GPA at t = 30.75 µs .
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Figure 14a. Contours of the effective plastic strain at t=38 µs  for material with B =
1.018GPA.
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Figure 14b. Deformed notch-tip at t=38 µs  for a material with B = 1.018GPA.
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Figure 15a. Time history of the temperature in element E (see Fig. 7b for its location)
for four values of B.
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Figure 15b. Time history of the temperature in element E (see Fig. 7b for its location)
for two values of n.
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Figure 16. Time history of the evolution of the effective plastic strain in element E
(see Fig. 7b for its location) for C = 0.004, 0.007, 0.014 and 0.028.
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Figure 17a. Time history of the effective plastic strain for element E (see Fig. 7b for
its location) for different values of the notch-tip radius, r0 .
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Figure 17b. Time history of the effective stress for element E (see Fig. 7b for its
location) for different values of the notch-tip radius, r0 .
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Figure 17c. Variation of ln ε
•

p  with lnr0  at t=8.1, 9 and 9.5 µs .
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Figure 18a. Contours of the effective plastic strain at t = 40 µs  for the 100m long
projectile.
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Figure 18b. Deformed mesh near the notch surface of at t = 40 µs  for the 100mm
long projectile.
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Figure 19a. Time history of the effective plastic strain for different values of the
impact velocity, V0
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Figure 19b. Time history of the effective stress for different values of the impact
velocity, V0
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Figure 19c. Variation of ln ε
•

p  with lnV0  at t=8.1, 9 and 9.5 µs .
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Figure 20a. Effective stress vs. effective plastic strain for simple shearing
deformations of a C-300 steel at a strain -rate of 5x104 /s.
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Figure 20b. Effective stress vs. effective plastic strain for simple shearing deformations of a C-
300 Steel being deformed at a strain rate of 50,000/s.
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Figure 20c. Time history of the  effective plastic strain-rate for simple shearing
deformations of a C-300 steel at a strain -rate of 5x104 /s.
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Figure 21a. Time history of the effective plastic strain for element E ( see Fig. 7b for
its location).
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Figure 21b. Time history of the effective stress for element E ( see Fig. 7b for its
location).
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Figure 21c. Time history of the effective plastic strain-rate for element E ( see Fig. 7b
for its location).
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Figure 21d. Time history of non-dimensional temperature for element E ( see Fig. 7b
for its location).
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Figure 22a. The deformed mesh near the notch-tip for κ  = 500 K at t=22.2 µs .
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Figure 22b. Contours of the effective plastic strain near the notch-tip for κ  = 500 K
at t=22.2 µs .
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